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Cable-stayed bridge designs have been the preferred construction for long-span bridges since the 
first advent of the modern cable-stayed bridge (Stromsund Bridge, Sweden) in 1955. With an increasing 
number of cable-stayed bridges worldwide, the need for bridge maintenance has received significant 
attention to prolong the lifespan of bridges by ensuring serviceability and operability within a safe level. 
A stay-cable is one of the principal load-carrying components of cable-stayed bridges, which means 
that the cable condition influences the safety and integrity of the entire bridge. However, stay-cables 
are vulnerable to vibration stemming from wind, rain, and traffic, owing to their inherently insufficient 
capacity to reduce vibration. Excessive vibrations in stay-cables can potentially cause long-term fatigue 
accumulation and serviceability issues. Therefore, monitoring the health condition of a stay-cable is 
required to ensure the serviceability and operability of not only the stay-cables but also the entire bridge.  
With this motivation, this study aimed to propose a structural health monitoring (SHM) system for 
stay-cables by using cost-effective smart sensors. To achieve this objective, four SHM systems were 
developed to deal with the SHM-related issues of stay-cables which include serviceability failure, 
vibration control, and structural condition assessment. First, an automated real-time serviceability 
assessment system using wireless smart sensors was developed based on bridge design specifications 
for serviceability assessment. When the displacement of the cable in the mid-span exceeds either the 
upper or the lower bound provided in most bridge design specifications, it is considered as a 
serviceability failure. The system developed in this study featured embedded onboard processing, 
including the measurement of acceleration, estimation of displacement from measured acceleration, 
serviceability assessment, and monitoring through wireless communication. A series of laboratory tests 
were carried out to verify the performance of the developed system. Subsequently, an automated cable 
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damping monitoring strategy was proposed. The presented method was used to automate damping 
estimation under external conditions, such as wind, rain, vehicle, and damper installation. For 
completeness, this study examined various damping estimation methods to determine the appropriate 
approach for damping automation. The selected method, satisfying conditions for automation in 
damping estimation tailored to the stay-cable, was applied to cable responses obtained from in-service 
bridges in the Republic of Korea to monitor the cable damping ratio under different wind conditions. 
Furthermore, a series of tests were conducted to verify the monitoring performance of the proposed 
automation approach. Third, this study proposed a serviceability assessment method considering 
vibration control to assess the level of serviceability of stay-cables. Cable serviceability failure was 
defined according to the range of acceptable cable responses provided in most bridge design 
specifications. The probability of serviceability failure was determined by means of the first-passage 
problem using VanMarcke’s approximation. The proposed system effectively allows calculation of the 
failure probability depending on the properties of any installed vibration control method. To 
demonstrate the proposed method, the stay-cables of the Second Jindo Bridge in South Korea were 
evaluated, and the analysis results accurately reflected the cable behavior during a known wind event.  
As aforementioned, implementing a control scheme is efficient to decrease the probability of 
serviceability failure. Accordingly, this study developed an Arduino-based integrated cable vibration 
control system implementing a semi-active control algorithm to enhance the serviceability level. The 
integrated vibration control system was built on the low-cost, low-power Arduino platform, embedding 
a semi-active control algorithm. A MEMS accelerometer was installed on the platform to conduct state 
feedback for the semi-active control. The Linear Quadratic Gaussian control technique was applied to 
estimate the cable state and obtain a control gain, and the clipped optimal algorithm was implemented 
to control the damping device. The magneto-rheological damper was selected as a semi-active damping 
device, controlled by the proposed control system. The developed integrated system was applied to a 
laboratory-size cable with a series of experimental studies for identifying the effect of the system on 
cable vibration reduction.  
Lastly, an automated cable tension monitoring system that can measure tension forces using deep 
learning and wireless smart sensors was developed. The tension force is widely used as one of the 
physical quantities determining the behavior of cables. The automated system was designed by using 
the Raspberry Pi platform, one of the cost-effective single-board computers, with a MEMS 
accelerometer. A fully automated peak-picking algorithm tailored to the cable vibration was developed 
using the region-based convolution neural network to apply the vibration-based tension estimation 
method to automated cable tension monitoring. The developed system features embedded processing 
on wireless smart sensors, including data acquisition, power spectral density calculation, automated 
peak-picking, post-processing for peak-selection, and tension estimation. Laboratory and field tests 
were conducted on a cable to validate the performance of the proposed automated monitoring system.  
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1.1. Motivation  
 
With an increasing demand for long-span bridges, cable-stayed bridges have been widely applied to 
construction owing to their high structural stiffness and aesthetic appearance [1, 2]. Since the 
construction of the Stromsund bridge as the first modern cable-stayed bridge in Sweden (1955) [3], the 
maintenance of constructed bridges has received substantial attention to preserve their structural 
integrity and prolong their service life [4]. Among the various maintenance concerns of cable-stayed 
bridges, wind- and rain-induced vibration has been recognized as one of the primary problems 
threatening their structural operability and serviceability since its first observation at the Meiko-West 
Bridge in Japan reported in 1986 (Figure 1-1) [4, 5]. A stay-cable, which is one of the most significant 
load-carrying members of a cable-stayed bridge, is vulnerable to vibrations induced by external loads 
such as wind, rain, and traffic owing to its inherently low damping ratio and high flexibility [4, 6-9]. If 
the cable is continually exposed to vibrations, the lifespan of both the main cable and the cables between 
the main cable and the bridge deck is reduced owing to stresses and fatigue, threatening the bridge’s 
safety and serviceability, as well as the level of safety for the public using the bridge [10-12]. Therefore, 
structural health monitoring (SHM) of a stay-cable is required to assure the serviceability and 
operability of not only the stay-cable but also the entire bridge, and this can be achieved by continual 
monitoring of cable conditions such as serviceability level with vibration control, cable tension force, 
and damping ratio. 
 
 
(a) Meiko-West Bridge in Japan 
 
(b) Rain-induced vibration [13] (unit: mm) 
Figure 1-1. Example of rain-induced vibration on the Meiko-West Bridge (1986) 
 
The structural integrity of any civil construction can be preserved by maintaining its serviceability 
and operability within acceptable levels [4, 14]. Of these two parameters, serviceability tends to be a 
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primary concern in terms of structural safety because users are likely to be sensitive to a serviceability 
issue far earlier than an operability issue [4, 15]. It is noted that serviceability determines the ability of 
a structure to be used, whereas operability is related to the ability of a system to continue functioning 
[4, 16]. Therefore, monitoring serviceability with respect to cable vibration should be emphasized as 
one of the critical maintenance efforts for cable-stayed bridges [4, 17-19].   
However, thus far, little work has gone into developing a cable serviceability assessment system. 
The serviceability level can be assessed by monitoring the vibration amplitude and damping ratio. The 
vibration-based assessment has been performed in terms of assigning design codes and assessing 
serviceability levels accordingly. Serviceability levels are defined in the design codes that specify the 
allowable level of serviceability for bridge users from the developed countries [4]. Based on the design 
codes, a previous study evaluated the serviceability of footbridges under human-induced vibrations 
using long-term measurement data [20]. The serviceability of the bridge was considered a failure when 
the lateral and vertical accelerations of the structure exceeded the limits of comfortable acceleration 
provided by the guidelines. While this study demonstrates the assessment of serviceability based on 
vibration data, real-time monitoring of amplitude-based serviceability was not considered. As one of 
the factors affecting the serviceability level of long-span bridges, the damping ratio of a stay-cable has 
been identified by a system identification method [21-23]. However, little effort has been expended to 
automate damping estimation.  
In addition, little work has been conducted to assess the effects of cable vibration control on cable 
serviceability. Instead, to keep the serviceability of the cables within an acceptable level, researchers 
have proposed vibration control methods. For example, passive control was introduced using viscous 
dampers attached transversely to stay-cables near the deck anchorages [6, 11, 24]. When well-tuned, 
such passive viscous dampers can provide supplemental damping to a cable without requiring external 
power [6]. As a result, this type of damper has been widely applied to many cable-stayed bridges 
worldwide, including the Brotonne Bridge in France (1983), the Sunshine Skyway Bridge in Florida 
(1988), and the Aratsu Bridge in Japan (1989) [11]. The semi-active damper has also received attention 
as a promising method for mitigating cable vibration, particularly for very long cables [11, 24, 25].  
The magnetorheological (MR) damper, one of the more widely used types of semi-active dampers 
in civil engineering applications, has been applied to the Dongting Lake Bridge in China (2002), the 
Eiland Bridge in the Netherlands (2005), and the Shandong Binzhou Yellow River Highway Bridge in 
China (2007) [11, 24, 25]. However, many theoretical and experimental studies have used the MR 
damper in a passive mode without embedding a semi-active control algorithm [5, 12, 24, 26-28]. 
Without consideration of the state-feedback of the cable response, unique cable dynamics are neglected, 
and it is difficult to maximize the efficiency of the MR damper. Even though the MR damper is used 
with semi-active control, this control system cannot be easily applied in the real-world owing to 
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equipment requirements, including the data acquisition system, the damping device, several cables, and 
a power supply device. A previous study developed a structural vibration control system using the low-
cost, low-power Arduino platform into which a semi-active control algorithm has been embedded [29]. 
However, this Arduino-based control system was applied to a three-story shear building, and few studies 
regarding the implementation of the Arduino-based control system on a stay-cable have been reported.  
Both the serviceability level and the tension force of the stay-cable have been used as a useful 
physical quantity to assess the health condition of the cable as well as the soundness of the bridge [1, 2, 
30-35]. For instance, cable tension is used to maintain the alignment of cables and ensure that the 
loading of the cable is within the safe range during the construction of cable-stayed bridges [1, 30]. 
When the bridge is in service, the tension force of the cable is an essential indicator to assess the 
structural safety and integrity of the entire bridge [1, 2, 9, 30-32]. The cable tension force varies in real-
time due to the traffic loads and other environmental effects, and the variation of tension force can cause 
safety problems with the cable as well as the bridge [32-34, 36]. For example, a reduced tension force 
of a cable can make other cables become overloaded, subsequently affecting the structural soundness 
of the bridge [2]. The continual change of tension force can make the stay-cable have fatigue damage 
and corrosion in the connector [32-34]. In addition, small variations within 10 % of the designed tension 
force could cause significant variations of bending moments in the pylons of the cable-stayed bridge 
[36]. Therefore, cable tension needs to be monitored accurately and continually for the maintenance of 
cable-stayed bridges, not only during construction but also during the service life of the bridge [1, 2, 9, 
30-34, 36]. To monitor the tension force of the cable, previous works have proposed a cable tension 
monitoring system implementing the vibration-based approach [9, 30, 31]. These studies have shown 
the possibility of monitoring cable tension force automatically by identifying natural frequencies 
through a peak-picking method. 
Although previous studies have exhibited success in monitoring cable tension, tension monitoring 
automation still has limitations in that the proposed systems are only valid on specific applications. The 
threshold-based peak-picking method searches for peaks that are greater than a preselected value to 
remove less important peaks. However, the user-defined threshold is dependent on the types of civil 
structures and may fail to remove undesirable peaks due to noise [22, 37, 38]. The peak-picking method 
that identifies a local maximum around predefined natural frequencies may identify undesirable peaks 
under the change in modal properties of the cable due to structural damage and environmental effects 
[37]. Currently, deep learning has shown a potential of automated peak-picking from the frequency 
domain representation of structural response, making it possible to extract natural frequencies 
automatically [37]. However, this proposed peak-picking method may detect undesirable peaks when 
applied to the cable response because this method was tailored to responses from general structures 
such as beams, trusses, and cables. In addition, the mentioned technique required high computation 
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power to perform peak-picking, which can be a burden for embedded processing. Therefore, further 
study is necessary to develop an automated cable tension monitoring system that embeds a peak-picking 




On the basis of the mentioned motivation, this study aims to propose a structural health monitoring 
(SHM) system for stay-cables in cable-stayed bridges by using cost-effective smart sensors. To achieve 
this objective, SHM systems were proposed to address SHM-related issues of stay-cables which include 
serviceability assessment and monitoring, vibration control, and tension force monitoring (Figure 1-2 
and Table 1-1). Especially, an automated system was developed to monitor the level of serviceability 
and tension forces by embedding automation processing to smart sensor platforms. The smart sensors 
can perform embedded processing from data acquisition to analysis by itself, which can make 
automation be possible. A more detailed explanation regarding current problems and research objectives 
of each topic are shown below. It is noted that this dissertation is based on published and submitted 
articles by the author [4, 8, 39, 40].  
 
 
















Table 1-1. Objectives of four research topics 




▪ Little prior research to develop 
an automated real-time 
serviceability assessment system 
 
▪ Lack of research using smart 
sensor 
▪ To develop an automated real-
time serviceability assessment 
system using wireless smart 
sensors  
(for maintenance purpose) 
▪ Little prior research aimed at 
monitoring cable damping 
automatically  
▪ To develop an automated cable 
damping monitoring method 
(for maintenance purpose) 
▪ Little prior research to assess the 
effects of vibration control on 
serviceability 
 
▪ Prior studies have focused on 
vibration control 
▪ To propose and evaluate a 
serviceability assessment method 
equipped with vibration control 




▪ Little prior research to use of 
MR damper with an embedded 
semi-active control algorithm 
  
▪ Lack of research using smart 
sensor 
▪ To develop a cable vibration 
control system using MR damper 







▪ Imperfect demonstration for full 
automation considering different 
cable tensions 
 
▪ Lack of research using smart 
sensor 
▪ To develop the embedded sensor 
system for tension force 
monitoring, possible to measure 






1.1.1.  Topic 1: Serviceability Assessment and Monitoring [4, 39] 
 
Cable serviceability is studied by assessing a serviceability level, monitoring damping, and evaluating 
a probability of serviceability failure considering control devices. First, an automated real-time system 
monitoring cable serviceability is developed using wireless smart sensors. Based on the design code 
from the United States [41], the serviceability failure of a stay-cable is defined as the case when the 
displacement of the cable in mid-span exceeds twice the diameter of the stay-cable with upper and lower 
bound. The serviceability assessment system for stay-cables proposed in this study was developed using 
the Raspberry Pi platform, which is an open-source single-board computer with low cost and low power 
consumption. The system features embedded on-board computation, including the acquisition of cable 
response using the MEMS accelerometer, estimation of displacement from the measured acceleration, 
serviceability assessment, and monitoring through wireless communication. Bridge inspectors can 
command the system through wireless communication, prompting it to send information back to the 
bridge inspectors related to the serviceability status of the stay-cable. A series of laboratory tests were 
conducted to verify the performance of the developed system. 
As the stay-cables are vulnerable to vibration due to low inherent damping ratio, monitoring 
damping ratio continually is crucial to assess the level of serviceability. Accordingly, this study aims to 
present an automated cable damping monitoring strategy. For completeness, this study examined 
various damping estimation methods to determine the appropriate method for damping automation. The 
selected method, satisfying conditions for automation tailored to the stay-cable, was applied to cable 
responses under different wind conditions, obtained from in-service bridges in Korea. Proposed 
damping automation method was verified through monitoring data of cable responses in Hwatae Bridge, 
that results in different damping ratio depending on various wind speeds.  
Lastly, this study proposes and evaluates a serviceability assessment method equipped with 
vibration control using the first-passage probability. A failure event, in terms of the cable serviceability, 
was defined as the case in which the subject cable response reached either the upper or lower bound of 
serviceability provided by the selected design code. The cable serviceability failure probability was then 
determined by means of the first-passage problem using VanMarcke’s approximation. To demonstrate 
the proposed method, the stay-cables of the Second Jindo Bridge in South Korea were evaluated, and 
the analysis results showed that the appropriate selection of vibration control methods and properties 







1.1.2.  Topic 2: Integrated Vibration Control System [8] 
 
The purpose was to develop an integrated cable vibration control system based on the Arduino platform 
which has embedded a semi-active control algorithm. As an open-source technology, the Arduino 
platform is a single-board system, performing both data acquisition and processing functions, with a 
low-price and low-power consumption. The MEMS accelerometer, also having a low-cost and low-
power consumption, was built on the Arduino platform to implement the state-feedback of cable 
acceleration for the semi-active control. This study selected the magneto-rheological (MR) damper as 
a semi-active damping device, controlled by a semi-active control algorithm with the clipped-optimal 
controller embedded in the Arduino platform. To identify the performance of the developed integrated 
control system, this study installed a cable for a laboratory experiment and conducted a series of tests 
to estimate the fundamental natural frequency and tension of the cable. A series of experimental studies 
were carried out to examine the efficiency of the proposed control system based on semi-active control 
on cable vibration reduction by comparing with passive mode control.  
 
1.1.3.  Topic 3: Automated Tension Force Monitoring using Deep Learning [40] 
 
Here, the aim was to develop an automated cable tension monitoring system using deep learning and 
wireless smart sensors capable of monitoring different tension forces. The automated system design 
was based on the Raspberry Pi platform, a cost-effective single-board computer, integrated with a 
MEMS accelerometer. A fully automated peak-picking algorithm was developed using a region-based 
convolution neural network (R-CNN), which was trained using only numerically generated peaks from 
the frequency domain representation of cable vibration. The embedded peak-picking algorithm enables 
the monitoring system to detect peaks automatically from the frequency domain representation. Post-
processing was designed to select peaks representing natural modes of the cable by removing 
undesirable peaks. The developed system features embedded processing on the Raspberry Pi, including 
acceleration acquisition, power spectral density (PSD) calculation, automated peak-picking, post-
processing for peak-selection, and tension force estimation. As the first fully automated monitoring 









2. LITERATURE REVIEW 
 
2.1. Serviceability Assessment and Monitoring of Stay-cables 
 
Serviceability of the cable-stayed bridge is the ability of a bridge to be used by the public over a given 
period of time, while operability is simply the ability of a bridge to continue to function in terms of 
structural strength [15, 16]. As bridge users tend to recognize a serviceability problem far earlier than 
an operability problem due to structural damage caused by vibration [15], a serviceability problem can 
more readily raise public concern regarding the safety of a cable-stayed bridge. Thus, maintaining 
appropriate serviceability should be emphasized as one of the primary concerns of bridge maintenance 
efforts [17-19].  
This section introduces design codes that specify allowable vibration level satisfying serviceability 
of the stay-cable. As a vibration amplitude determines the serviceability level, the displacement 
estimation method based on acceleration data is described subsequently. Lastly, a cable damping is one 
of the factors closely related to the serviceability level [21-23], and thus methods for damping 
estimation are introduced in this section. 
 
2.1.1.  Allowable Serviceability Levels 
 
Most modern developed countries have design codes that specify allowable serviceability levels for the 
cables of cable-supported bridges. For example, in Korea, the Korean Highway Bridge Design Code 
defines a serviceability failure to have occurred when cable vibration amplitude exceeds L/1600 at the 
middle of a stay-cable under average wind speed of less than 20 m/s, where L is the cable length [4]. 
The US Department of Transportation classifies the vibration comfort level of bridge users into three 
levels: ‘not allowable’ when the cable vibration amplitude exceeds 2.0 D, ‘recommended’ when the 
cable vibration amplitude is near 1.0 D, and ‘preferred’ when the cable vibration amplitude is near 0.5 
D, where D is the diameter of the stay-cable [41]. In Japan, the serviceability of bridges with stay-cables 
is analyzed on the basis of the criterion of the Japanese Railway Bridge Specifications, which defines 
allowable deflection as L/2000 at mid-span of the bridge deck, where L is the span length in question 
[42]. In the Chinese Highway Cable-stayed Bridge Design Specification, a serviceability failure is 
considered to have occurred on a cable-stayed bridge when the deflection at mid-span of the bridge 
deck is over the allowable deflection of the bridge, defined as L/400, where L is the span length in 




2.1.2.  Serviceability Assessment: Displacement Estimation by Acceleration 
 
Various displacement measurement methods have been introduced in the past, including those using 
contract-type and non-contact-type sensors [44]. Among these, the indirect estimation approach, 
particularly using an accelerometer, has often been employed to estimate the displacement owing to its 
convenient installation that is a reference-free and relatively low cost [44]. Theoretically, displacement 
can be obtained by the double integration of acceleration. However, double integration of the measured 
acceleration results in the low-frequency drift in the estimated displacement caused by unknown initial 
conditions, sensor noise, and signal discretization [44]. To avoid this problem, Lee et al. [45] proposed 
a dynamic displacement estimation method, which removes the low-frequency drift error by applying 
a high-pass filter [45]. The only prior knowledge required is information about the lowest frequency of 
the stay-cable. This method is appropriate for use with smart sensors, as it avoids low-frequency drift, 
does not require the initial displacement, provides efficient computation [45], and has been 
implemented in a wireless displacement estimation system using smart sensors [44, 46]. While this 
approach cannot estimate the static part of the displacement, dynamic displacement is sufficient to 
assess the serviceability of a stay-cable using the US criterion [41] employed in this study. Therefore, 
in this study, the displacement estimation method was applied to develop an automated real-time 
serviceability assessment system for the stay-cable.  
This section briefly describes the displacement estimation method using the measured acceleration 
proposed by Lee et al. [45]. Let u be the estimated displacement, t  the sampling time of the 
measurement, and a  the measured acceleration. The displacement can be estimated by minimizing 










u L L u t a u

 = −  +               (1) 
where aL  is the integration operator based on the discretized trapezoidal rule, cL  is the second-order 
differential operator,  is the 2-norm of a vector, and   is the regularization factor that adjusts the 
degree of regularization as indicated by the second term in the minimization problem. If the 
regularization factor becomes larger, the zero-displacements are estimated from the measured 
acceleration [45]. With a low regularization factor, the displacement information becomes meaningless 
and unstable [45]. Based on the optimal regularization term, the displacement can be derived as 
Equation (2), which minimizes the difference by the numerical integration of the measured acceleration 
and considers the regularization term  
 
2 1 2( ) ( )T T au L L I L L a t
−= +                       (2) 
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where L is equal to 
a c
L L  and the superscript T denotes the transpose of the matrix. The optimal 
regularization term is suggested as Equation (3), where Nd denotes the number of data points in a time 
window, as depicted in Figure 2-1 [45]:  
 1.95
optimal 46.81 dN
−=                            (3) 
 
 
Figure 2-1. Displacement estimation scheme using the overlapping time window 
 
Note that the overlapping moving time window depicted in Figure 2-1 was introduced to estimate 
the accurate displacement at the center, ignoring the errors that may occur at the beginning and end of 
the displacements. Each moving window was used to estimate the displacement based on Equation (2), 
and the full history of displacements is identical to a collection of estimated displacements at the center 
of each window. The detailed derivation of the estimation of displacement from the measured 






























2.1.3.  Cable Damping Estimation  
 
Modal analysis is widely conducted to identify dynamic properties of stay-cables, including natural 
frequency, mode shape, and damping ratio, by using dynamic response data. Cable damping can be 
estimated by time- or frequency-domain modal analysis. For monitoring cable damping ratio, this study 
summarizes damping estimation methods categorized into time- and frequency-domain approaches, 
which include Logarithmic Decrement Ratio, Stochastic Subspace Identification, Eigensystem 
Realization Algorithm Method, Half-power Bandwidth Method, and Frequency Domain 
Decomposition.  
 
1) Time-domain Method 
◼ Logarithmic Decrement Ratio 
This is one of the methods to estimate the damping ratio from time-domain responses of free vibration 
[47]. This method uses the logarithm decrement between two adjacent peak amplitudes from the time-
domain free vibration response as shown in Figure 2-2. When the amplitude of time period n denotes 
















Figure 2-2. Example of free vibration response 
 

















When white noise is added to measured free vibration response as shown in Figure 2-3, it is 
difficult to estimate damping ratio because of difficulty in identifying 1) locations of peaks and 2) 
amplitudes of peaks at period n. Therefore, white noise can affect the estimated damping ratio by the 
logarithmic decrement ratio.  
  
 
Figure 2-3. Free vibration response with white noise 
 
◼ Stochastic Subspace Identification (SSI) 
Stochastic Subspace Identification (SSI) is one of the output-only modal analysis methods to estimate 
the modal properties of structures [48]. The output-only approach uses time-domain structural responses 
only under the condition of unknown input loading. Two types of SSI exist, which include data-driven 
SSI and covariance-driven SSI. As the latter method is convenient and fast, covariance-driven SSI is 
introduced in detail as below.  
From a structural equation of motion, a state-space in discrete time can be expressed as follows: 







where X denotes a state vector, Y is a response vector, A represents a system matrix, C is an output 
matrix, wk is an input vector, especially ambient vibration, and vk is a measurement noise. Here, two 
mutually independent wk and vk are stochastic random processes that can be represented by white noise. 
For computing SSI, the state matrix X is assumed to be a time-invariant stochastic process with zero-
mean value as follows:  
 [ ] 0 [ ]Tk k kE X E X X= =  (7) 
As the output-only modal analysis method, SSI can estimate modal properties by using covariance 
of measured output responses R  . The covariance of responses can be expressed as the following 
equation with any time delay τ. 
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 [ ]Tk kR E Y Y +=  (8) 
Not only the covariance of measured output but also another covariance G which is called “next state-
output” is necessary to compute SSI. The new covariance G can be described as follow:  
 
1[ ] [( )( ) ]
T T
k k k k k kG E X Y E AX w CX v+= = + +  (9) 
The covariance, R  and G, can be rearranged to estimate system matrix A as follow:  
 1R CA G
−=  (10) 
After defining the maximum time delay (
max ), a Toeplitz matrix max1: /2
T   for all time delay can 
be constructed using the covariance R  as shown in Figure 2-4. It is noted that the covariance R  is 
m x n matrix and the Toeplitz matrix is (m × 
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Figure 2-4. Construction of Toeplitz matrix by using covariance matrix R𝛕 [49] 
 
The Toeplitz matrix can be decomposed into an Observability matrix Qp and a Controllability matrix 



























The system matrix A can be estimated through the Observability matrix Qp. Assuming that the upper 
box indicates Qp
t and the bottom dotted box denotes Qp
b in Figure 2-5, the system matrix A can be 
expressed by multiplying a pseudo-inverse of upper box and the bottom box as follow:  
 †( )t bp pA O O=  (13) 
 
Figure 2-5. Extraction of system matrix from Observability matrix Qp 
 
The Observability matrix Qp, a component of system matrix A, can be obtained through Singular Value 
Decomposition (SVD) of the Toeplitz matrix which results in three matrixes (U, S, V). Based on 
decomposed matrixes, the Observability matrix, as well as the Controllability matrix, can be derived as 
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 (14) 
In summary, the system matrix A can be estimated by using the Observability matrix Qp represented as 
U1S1
1/2 from the SVD of the Toeplitz matrix. By Eigen Decomposition of the system matrix A, the 
obtained eigenvalue
k , natural frequencies k , and damping ratio k  can be represented as follows:  
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Although the SSI is one of the efficient methods widely applied to system identification and modal 
analysis when the input loading is unknown, the estimated damping ratio can be affected by types of 
spectral window because the covariance-driven SSI uses a correlation function between two ambient 
responses, calculated by the Fourier Transform, to construct the covariance matrix. Furthermore, the 
size of system matrix A is determined by manual assumption or by checking the estimated values from 
different system orders, which requires high computation time. In conclusion, the estimated damping 
ratio is affected by the system order and types of spectral window, and thus human judgment is required 
to estimate the damping ratio by using the SSI.   
 
◼ Eigensystem Realization Algorithm Method (ERA) 
Eigensystem Realization Algorithm (ERA) is one of the approaches for system identification and modal 
analysis by using impulse responses [50]. The state-space model in the discrete-time domain can be 
expressed as following equation, where X is a state of a structure, Y is a response vector, u represents 
an input loading, and A, B, C, and D denotes a system, input, output, and feedthrough matrix respectively. 







When an impulse loading is applied to the structure, the impulse response vector Y can be represented 
by a combination of A, B, and C matrixes which are called Markov Parameters.  
 1k
kY CA B
−=  (17) 
The time-history of Y under the impact loading is used to construct a Hankel matrix H, consisting of an 
Observability matrix Qp, the system matrix A, and a Controllability matrix Cp.  
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The system matrix A can be derived by the Singular Value Decomposition (SVD) of the Hankel 
matrix H0 at k=1 which results in three matrixes (U, S, V) as follows:  
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respectively from the SVD of the Hankel matrix at k=1. The system matrix A can be finally obtained by 
applying Pseudo Inverse of newly defined the Observability and Controllability matrixes from the 
H1=OpACp. 
 † † 1/2 1/21 1 1 1 1 1( ) ( )
T
p pA O H C S U H V S
− −= =  (20) 
The eigenvalue (
k ), natural frequencies ( k ), and damping ratio ( k ) can be estimated by the Eigen 
Decomposition of the system matrix A as the following equation. 
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1 2 1 2( ( , , , ), [ , , , ])N NAv v diag v v v v    = = =  
The ERA can analyze the system identification and modal analysis based on impulse response data. 
However, ambient vibration is general in civil engineering structures, and thus Natural Excitation 
Technique (NExT) is applied to generate impulse vibration from the ambient response by using a 
correlation function. In general, the correlation function is obtained by an inverse Fourier Transform of 
a Cross Power Spectral Density (CPSD) of time-history ambient responses. Therefore, the damping 
ratio obtained by ERA with NExT can be affected by the types of spectral windows and the number of 
Fourier Transform (NFFT) similar to the result from the SSI.  
 
2) Frequency-domain Method 
◼ Half-power Bandwidth Method 
Half-power bandwidth method is appropriate to estimate the damping parameter when structural 
responses are forced or ambient vibration [51]. The damping ratio can be calculated by using two 
frequencies where their locations correspond to 1/√2  of peak height in the Frequency Response 
Function of the system as shown in Figure 2-6. When a frequency located in peak denotes ω𝑛 and two 












Figure 2-6. Damping estimation using Half-power Bandwidth Method 
 
This method can be applied to the case when the Frequency Response Function of the system is difficult 
to be derived. Without prior knowledge of an input loading, the damping ratio can be estimated by 
power spectral density (PSD) from structural responses by forced or ambient vibration. When using the 
PSD, two frequencies can be selected as points located in 1/2 of peak height instead of 1/√2.  
However, the damping ratio from PSD is affected by types of spectral window which is used to 
reduce spectral leakage under the PSD calculation. As geometric shapes of peaks are different 
depending on what types of windows are used as shown in Figure 2-7, the damping ratio can be 
unreliably estimated.  
 
 
Figure 2-7. Power spectral density by different types of the spectral window 
 
Furthermore, the number of fast Fourier Transform (NFFT) is one of the factors affecting the PSD 
calculation. If the NFFT is not enough, peaks from PSD can have blunt shapes which result in the 
overestimation of the damping ratio. Therefore, enough NFFT is necessary to calculate PSD with sharp 
peaks, and thus empirical study is needed to determine appropriate NFFT. 
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◼ Frequency Domain Decomposition (FDD) 
Frequency Domain Decomposition (FDD) is one of the representatives of the output-only system 
identification method in the frequency domain [52]. From the linear time-invariant system, the input 
and output can be expressed in the frequency domain as follows:  
 ( ) ( ) ( ) ( )Tyy xxG j H j G j H j   =  (23) 
where, H(jω) indicates the frequency response function (FRF), Gyy(jω) and Gxx(jω) represent the cross 
power spectral density (CPSD) of output and input data.  















  (24) 
where n is the number of natural modes, λk is a pole, Rk is a constant. When the input loading is assumed 
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Here, H implies the conjugate complex number and matrix transpose. By multiplying two partial 
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Ak and Bk are residue matrix of output CPSD, and can be expressed as follows: 
 T
k k k kA d    (27) 
The CPSD of output can be rearranged as following decomposed terms with natural modes. Here, 
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The CPSD of output response measured from multiple sensors after the Singular Value 
Decomposition (SVD) can be depicted as follows: 
 ( ) Hyy i i iG j U SU =  (29) 
where Ui = [ui1, ui2,…,uim] is a unitary matrix and Si is a vector composed of each singular value. The 
first singular value of Si corresponds to the PSD of the first natural mode, and thus the vector ui1 
represents the first mode shape. After determining PSD of each natural mode by FFD, the damping ratio 
can be estimated using the Half-power Bandwidth Method. In addition, the Logarithmic Decrement 
Ratio method can be applied to identify the damping ratio after calculating free responses through 
inverse Fourier Transform. However, this method can be affected by the types of spectral windows and 




The five representative damping estimation methods are summarized in the below table regarding 
brief explanation, data type, and loading condition. 
 
Table 2-1. Summary of five damping estimation methods 





▪ Damping estimation by using 
logarithm decrement of peaks 




▪ Covariance-based system 
identification method by singular 
value decomposition of Toeplitz 
matrix 





▪ Impulse response-based system 
identification method by singular 
value decomposition of Hankel 
matrix 







▪ Damping estimation based on two 
frequencies located in 1/2 of peak 






▪ Output-only system identification 
methods based on frequency-






2.2. Cable Vibration Control  
 
To keep the serviceability of the cables within an acceptable level, researchers have proposed vibration 
control methods, including tying multiple cables together, modifying the aerodynamics of cable 
surfaces, and applying vibration control [11, 12, 24]. Tying cables together is a practical approach for 
reducing vibration by shifting the natural frequency of the cable to avoid resonance, but this method 
degrades the aesthetics of the bridge [11]. To avoid exposure to external vibration generating forces, the 
aerodynamics of the cable surface has also been modified [11]. However, this method is only effective 
within a specific frequency range, and it is difficult to retrofit existing cables [11]. Due to the drawbacks 
and limitations of the first two approaches, vibration control such as passive and semi-active control for 
stay-cables has emerged as an effective and practical alternative [6, 11, 12, 24, 25]. 
In this section, the cable dynamics are derived from the motion of a taut string proposed by Irvine 
[53], followed by passive and semi-control algorithms.  
 
2.2.1.  Cable Dynamics 
 
This section describes the vibration-controlled cable dynamics using an analysis that considers cable 
characteristics including sag, inclination, static deflection, and flexural rigidity. Consider an inclined 
cable with a vibration control device, as shown in Figure 2-8. Based on previous studies [11, 53, 54], a 
cable system with a damper can be expressed as a non-dimensional partial differential equation of 
motion for the transverse displacement v(x,t) in the domain 0 ≤ x ≤ 1 with boundary conditions v(0,t) = 
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  (30) 
where c is the non-dimensional viscous damping per unit length; xd is the location of the damper; Fd(t) 
is the transverse damping force at x = xd; vʹʹ(x,t) is the second-order partial derivative of displacement v 
with respect to x; ( , )v x t   and ( , )v x t   denote partial derivatives with respect to t; f(x,t) is the 
distributed load along the cable; λ2 is the non-dimensional sag parameter, and δ(x-xd) is the Dirac-delta 
function. The non-dimensional quantities describing the cable are related to their corresponding 




Figure 2-8. Inclined cable with sag and damper 
 
The non-dimensional parameter λ2 considers the effect of cable sag, inclination, and axial stiffness 
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where ρ is the cable mass per unit length; α is the inclination angle; L is the cable length; Le is the 
stretched length of the cable; T is the cable tension in the longitudinal direction along the x-axis; d is 
the peak dimensional sag of the cable; g is the gravity; E is Young's modulus of the cable; and A is a 
cross-sectional area of the cable. Note that the non-dimensional sag parameter λ2 becomes zero when 
the effect of cable sag is ignored. 
The transverse cable motion v(x,t) can be assumed using a finite series, formed of a combination 
of generalized coordinates qj(t) and a set of shape functions ϕj(x), that satisfies the boundary conditions 
ϕj(0) = ϕj(1) = 0, where j represents the mode number, as follows: 
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The shape functions of a cable without a damper ϕun,j(x) can be assumed to be sinusoidal [55], while 
those of a cable with a damper ϕcon,j(x) include static deflection as the first shape function and sinusoidal 
functions for the rest of the modes [11, 55]. The shape functions for a cable without and with a damper 
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  (34) 
The equation of motion in Equation (30) can be expressed in matrix form by substituting the cable 
motion in Equation (32), multiplying by the shape functions, then integrating over the length of the 
cable. Considering the damper force Fd(t) and the additional tension due to cable sag, a cable system 
with a damper can be described in matrix form as [11, 54]: 
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  (36) 
where the mass M = [mij], damping C = [cij], stiffness due to sag and tension K = [kij], generalized 
coordinates q = [q1, q2 ··· qm]
T, externally applied force f = [f1, f2 ··· fm]
T, and damper load vector ϕ = 
[ϕ1(xd), ϕ2(xd) ··· ϕm(xd)]
T.  
The state-space form of cable dynamics can be formulated as follows where X= T T T[q q ]  is the 
system state, Y=
T
d d[v(x , t) v(x , t)] +v is a vector including displacement and acceleration at damper 
location, v is a vector of sensor noise. 
 
X AX B Gf






= + + +








-M K -M C M
00
C= ,   D=










   
   
   
   
   
    
  
==   
  
  (38) 
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2.2.2.  Passive Control 
 
Several studies have proposed passive control using viscous dampers attached transversely to stay-
cables near the deck anchorages [6, 11, 24]. When well-tuned, such passive viscous dampers can provide 
supplemental damping to a cable without requiring external power [6]. As a result, this type of damper 
has been widely applied to many cable-stayed bridges worldwide, including the Brotonne Bridge in 
France (1983), the Sunshine Skyway Bridge in Florida (1988), and the Aratsu Bridge in Japan (1989) 
[11]. The use of this scheme in long-span bridges, however, has revealed that, despite its effectiveness, 
it has installation challenges. Owing to aesthetic and practical reasons, the damper location is restricted 
to a location close to the cable anchor, within 5% [12, 56]. For a bridge having a short cable, the passive 
damper can provide sufficient damping by being installed at feasible location, whereas for a long-stay 
bridge having a cable that is over 1,000 m, the passive damper alone has difficulty in meeting the control 
requirement of the cable because of insufficient damping to eliminate the vibration [11, 12, 57]. 
When a passive viscous damper is used to control the cable vibration, the non-dimensional damper 
force can be expressed as: 
 ( ) ( , )d d dF t c v x t= −   (39) 
where the cd is non-dimensional damping constant and ( , )dv x t  is the non-dimensional velocity at the 
location of the damper ( , ) qTdv x t =  [11, 55]. In the case of a cable without a damper, the non-
dimensional damping constant cd is zero. 
The cable dynamics in Equation (35) can be expressed as different form by substituting the 
damper force Fd(t) and rearranging the formula where damping matrix C contains the Fd(t) together as 
follows: 
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  (41) 
Based on the rearranged formula in Equation (40), the state-space form of cable dynamics in Equation 





2.2.3.  Semi-active Control 
 
The semi-active control as an alternative to passive control has received considerable attention as a new 
solution for vibration reduction of long stay-cables [12, 57]. With a semi-active control, the 
magnetorheological (MR) damper has become a promising semi-active damping device in civil 
engineering, especially in the cable-stayed bridge for vibration reduction [6, 24, 57, 58]. Compared to 
the passive control with viscous damper, the semi-active MR damper has outstanding features for cable 
vibration reduction [25, 57, 59]. Owing to the advantages of the semi-active MR damper, theoretical 
studies have been conducted to implement the MR damper in cable vibration control [24, 60]. Wu and 
Cai [24] conducted a performance test of the MR damper with different frequencies, temperatures, and 
input currents, and identified the effectiveness of the passive mode MR damper on cable vibration 
reduction based on the test using scaled laboratory cable. Li, Liu [12] installed the combined stay-
cable/MR damper system and conducted a series of tests to identify the efficiency of the MR damper 
on cable vibration control under sinusoidal excitation with the first two modal resonant frequencies. 
The experiments were carried out with different control strategies, passive-off (without input current), 
passive-on (with maximum input current), and semi-active control (based on state feedback of response), 
and the MR damper with semi-active control indicated better control efficacy than the passive mode. 
Because the stay-cable has low damping, Zhou and Sun [28] conducted free vibration-damping tests on 
a full-scale cable, attaching a pair of MR dampers to the cable to examine the effect of the MR damper 
on the cable damping. Compared to the free cable without the MR damper, the free cable with the MR 
damper experienced increased cable damping events though there was no applied voltage. When the 
passive-on voltage was transmitted to the MR damper, the damping of the cable greatly increased. The 
MR damper was applied not only in theoretical studies but also to real stay-cables of a bridge. The first 
application of MR damper to a real stay-cable was carried out in 2002 on the Dongting Lake Bridge in 
China [5]. Since then, the MR damper has been applied to the Eiland Bridge in the Netherlands [27], 
Third Qiantang River Bridge [26], and Bingzhou Yellow River Highway Bridge in China [12].   
While many controllers are known to be used for semi-active control [61], the clipped-optimal 
controller based on state feedback of acceleration for semi-active control is widely used because this 
controller is known to be suitable for the MR damper [62]. To make the MR damper generate the desired 
damping force, the clipped-optimal controller determines the appropriate command input voltage 
applied to the current driver for the MR damper. The desired control force fc is provided based on the 
Linear Quadratic Gaussian (LQG) control. The control of cable vibration is treated as an optimization 
problem, and LQG control is used to solve this problem. A quadratic cost function is defined based on 
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= +   (42) 
where Q is a state weight matrix, R is a weight factor for control, X(t) is a system state, and fc is the 
desired control force. The desired control force is determined by minimizing a quadratic cost function 
based on the constraints imposed by the state-space matrix of cable dynamics as follows. 
 ˆKX( )cf t= −   (43) 
where K is the control gain, satisfying the algebraic Riccati equation, and X̂( )t  is an estimated system 
state X(t), calculated by the Kalman filter based on the measured cable displacement at the location of 
the damper.  
The command input voltage is determined by the relationship between the damping force 
generated by the MR damper and the desired optimal control force. When the magnitude of damping 
force is smaller than that of the desired control force with the same sign, the command voltage is 
increased to the maximum level in order to match the damping force with the desired control force by 
increasing the damping force of the damper. If the damping force is the same as the desired control 
force, the command voltage remains constant. Otherwise, the command voltage is set to zero. The 
clipped-optimal algorithm can be summarized in a simple equation as follows.  
 
maxV V H{( ) }c d df F F= −   (44) 
where V is the command voltage to the current driver, Vmax is the maximum voltage saturating magnetic 
field in the MR damper, fc is the desired optimal control force, Fd is the damping force generated by the 
MR damper, and H(.)is the Heaviside step function. The detailed graphical explanation is in Figure 2-9. 
 
 




2.3. Cable Tension Monitoring 
 
Previous studies have measured cable tension forces by using direct and indirect techniques. The direct 
method has used load-measurement devices such as load cells, optical fiber Bragg grating (OFBG) 
sensor, and electromagnetic (EM) sensor to measure the tension force [1, 2, 30, 34]. The load cell and 
OFBG sensor have the advantages of measuring tension force accurately. However, these devices are 
mainly installed during the construction stage, i.e., they have problems such as difficult to be replaced 
and not appropriate to be applied in the existing cable without these sensors before [1, 34]. The EM 
sensor can measure the tension force of a cable exposed to the air by measuring wave speed generated 
by EM induction, whereas this sensor cannot measure the tension of a cable that is filled with grouting 
or grease [1]. Owing to the drawbacks of the direct method, the indirect method has received significant 
attention as a reliable, cost-effective, and convenient approach to measure tension force [2, 30-34]. The 
cable tension can be estimated indirectly by measuring cable responses such as acceleration, strain, and 
ferromagnetic magneto-elasticity [2]. Among various indirect methods, a vibration-based method with 
an acceleration data has been commonly used in practice to estimate the tension force of a cable by 
using the relationship between modal parameters and the tension force [2, 30-34].  
 
2.3.1.  Vibration-based Estimation of Cable Tension Force 
 
As one of the commonly used the vibration-based method by Shimada [63], this algorithm can estimate 
the cable tension force T by using an explicit relationship with natural frequencies fn and corresponding 
mode number n of the cable. Assume that the cable is inclined with constant tension force T, cable 
length L, bending stiffness EI, weight per unit length w, gravitational constant g and deflection d at the 
middle span as shown in Figure 2-10. The equation of motion of the inclined cable can be expressed as 
Equation (45). 
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If both ends of the cable are simply supported, a cable tension T can be written as a linear form in terms 











This equation can be rearranged as a form of linear regression as below, and graphical representation is 
shown in Figure 2-11. Based on the least-square method, (fn /n)2 can be estimated by the linear regression 
of n2 with slope a, and y-intercept b. It is noted that slope a is related to bending stiffness EI. The cable 
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Figure 2-11. Least-square method to estimate cable tension force 
 
The cable tension can be estimated using Equation (2) by following steps: 1) cable acceleration is 
measured, 2) measured acceleration is converted into frequency domain representation (e.g., PSD), 3) 
peak-picking is conducted to extract modal properties, including natural frequencies and corresponding 
mode numbers, and 4) cable tension is estimated by the linear regression of modal properties, especially 
(fn /n)2 and n2. Linear regression of modal properties on cable tension enables a low-frequency response 
caused by cable-deck interaction to be ignored [35]. 
As locations of peaks in the frequency domain of a cable response represent modal properties of 
the cable, a peak-picking method can be implemented to determine the natural frequencies and 
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corresponding mode numbers. If peaks are detected automatically, natural frequencies of the cable could 
be identified. As natural frequencies of a cable are proportionally increasing with integer multiple [31], 
the mode number of each detected natural frequency can be extracted subsequently. Finally, automation 
in tension force estimation could be achieved by a linear relationship with modal properties 
automatically identified by peak-picking. In the next section, this study introduces an automated peak-
picking algorithm based on Faster R-CNN used to find natural frequencies of a cable and corresponding 
mode numbers.  
 
2.3.2.  Automated Cable Tension Estimation 
 
As an effort to monitor the cable tension force, previous works have proposed a cable tension 
monitoring system implementing the vibration-based approach [9, 30, 31]. These studies have shown a 
possibility of monitoring cable tension force automatically by identifying natural frequencies through a 
peak-picking method. For example, Cho et al [30] initially developed a wireless system for automated 
cable tension estimation using an accelerometer. To estimate cable tension, the first three natural 
frequencies were identified automatically through a peak-picking method. This method initially 
estimated the first peak greater than a predefined threshold value and searches the local maxima point 
within the prescribed frequency range. The maximum point was considered as the first natural frequency 
and the other two modal frequencies were obtained by multiple times the first mode. The different 
approach of peak-picking was proposed by Kim et al [9], which searches the local maxima of the power 
spectrum within preselected frequency ranges to determine natural frequencies. Predefined frequency 
bands were believed to include natural frequencies of the cable. The tension monitoring system utilized 
piezoelectric strain sensors to measure cable responses and applied the peak-picking method to identify 
the natural frequencies. When the variation of cable tension is within 20 % of the designed force, modal 
properties were successfully extracted automatically through the monitoring system which embedded 
the peak-picking. For long term monitoring of cable tension, Sim et al [31] constructed a wireless sensor 
network using a MEMSIC’s Imote2 smart sensor which featured power harvesting and sleeping mode 
for inactive sensors to save the operation power. To monitor the cable tension automatically, the peak-
picking identified the natural frequencies by searching the highest points around the approximate value 
of natural frequencies. For successful identification of peaks, natural frequencies of the cable are 
assumed to be 1) well separated and recognized, and 2) almost constant over time. The cable tension 
monitoring system was applied to the in-service cable-stayed bridge in the Republic of Korea and 
successfully performed monitoring cable tension about 1 month. Overall, the previous monitoring 
system has implemented the peak-picking to identify natural frequencies automatically by selecting 
maximum peaks which are larger than the user-defined threshold or within prescribed frequency ranges.  
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2.3.3.  Automated Peak-picking using a Faster R-CNN 
 
As a method to identify locations of salient peaks in the graphical data, peak-picking is widely used to 
extract modal parameters such as natural frequency, mode shape, and damping ratio from the structural 
responses in the frequency domain [9, 30, 31, 37]. Many attempts have been conducted to propose the 
peak-picking method to estimate cable tension automatically [9, 30, 31]. However, these methods 
require user-defined thresholds or prescribed frequency ranges to search peaks and thus can be applied 
to specific applications [22, 37, 38]. Recently, previous work has shown the potential of deep learning 
technique in developing automated peak detector which can distinguish cable peaks from undesirable 
peaks [37].   
In the civil engineering field, deep learning has been recognized as a promising tool to solve 
structure-related problems, including automated crack detection, structural damage identification and 
structural component recognition [64]. Especially, a region-based convolutional neural network (R-
CNN) has been implemented to detect objects in images such as concrete cracks, steel corrosion, and 
components of the structure [65, 66]. Among various R-CNN methods, the Faster R-CNN has received 
significant attention in the field of object detection, which features a combination of a region proposal 
network (RPN) and Fast R-CNN [67]. Fast R-CNN can detect multiple objects from an image by 
passing the image through several convolutional and max-pooling layers to obtain a feature map and 
implementing selective search to generate possible object locations from the feature map [67]. However, 
the computational time is huge to generate the possible object locations through the selective search 
method despite the better performance of multiple-object detection than that of CNN-based detection 
which uses a fixed sliding window to extract regions of the full image. Instead of selective search, RPN 
is proposed as an alternative way to generate possible object locations from the feature map with less 
computational time incorporated with the implementation of a graphics processing unit (GPU). RPN 
uses a rectangular sliding window to extract region from a feature map, and a set of nice anchors are 
applied to an extracted region to localize possible objects. A more detailed explanation of Fast R-CNN 
and RPN can be found in the previous study [67].  
Based on the previous work [37], this study develops an automated peak-picking algorithm tailored 
to the stay-cable using the Faster R-CNN. Automated peak-picking in this work is designed to have two 
object classes, peaks or non-peaks, and determine peaks based on not RGB color information but the 
geometric shape of peaks from cable responses. In the next section, automated peak-picking tailored to 






3. SERVICEABILITY ASSESSMENT AND MONITROING 
 
For serviceability assessment and monitoring of stay-cables, this chapter 1) develops an automated 
serviceability monitoring system using smart sensors, 2) presents an automated cable damping 
monitoring strategy, and 3) proposes a serviceability assessment method considering failure probability. 
The automated serviceability monitoring system is designed to assess the level of serviceability in real-
time based on vibration amplitude at the mid-span of stay-cables. Cable damping is related to the 
serviceability of stay-cables because cables have inherently less damping ratio resulting in vulnerable 
to vibration. The monitoring damping ratio enables the inspector to diagnose the serviceability level of 
cables and evaluate the performance of the damper attached to the cables in terms of reducing vibration. 
The proposed serviceability assessment method aims to inform the failure moment necessary to block 
the service of cable-stayed bridges under external excitations such as wind and traffic. A more detailed 
explanation of this chapter is as below. 
 
3.1. Automated Real-time Serviceability Monitoring System 
 
In this study, an automated real-time monitoring system for cable serviceability assessment is developed 
using wireless smart sensors (Figure 3-1). Note that the smart sensors are expected to provide the 
functions of wireless communication and on-board computation with small size, low cost, and low 
power consumption [25]. The system is designed to measure the structural acceleration response using 
a MEMS accelerometer and conduct on-board processing for the estimation of displacement and 
subsequently evaluate the serviceability. The system consists of two types of nodes—a gateway node 
and a leaf node, as shown in Figure 3-1. The gateway node is connected to the leaf node through wireless 
communication and remotely controls it to monitor the serviceability (Figure 3-1). The leaf node, 
installed in the mid-span of the cable, assesses the serviceability after the command from the gateway 
node is received, and features embedded on-board processing using smart sensors that measure the 
acceleration of the cable and estimate the displacement from the measured acceleration and assess the 
serviceability of the stay-cable. 
 
3.1.1.  Sensor Hardware Platform 
 
The system is composed of hardware and software in both the gateway and the leaf nodes. When it 
comes to the hardware of the gateway node, a Bluetooth device is used to implement the wireless system. 
Other wireless communication modules such as LoRa, WiFi, and Zigbee can also be applied to 
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implement wireless communication between the gateway and leaf nodes. Among the various devices 
that consist of the Bluetooth module, a smartphone was selected—an efficient, user-friendly portable 
device to check the serviceability condition of the stay-cable. A Samsung Galaxy S10 smartphone 
equipped with Bluetooth version 5, which can communicate with other devices wirelessly up to 100 m, 
was selected as the gate node. As the main hardware of the leaf node, a single-board platform, the 
Raspberry Pi 3 Model B+, was selected for on-board processing (Figure 3-1). This low-cost and low-
power single-board computer is equipped with a 1.4 GHz Quad-Core 64-bit ARMv8 CPU and 1 GB 
LPDDR2 SDRAM, which demonstrates the capability to carry out the entire embedded processing, 
from acceleration measurement to serviceability assessment. Furthermore, this hardware possesses 
HDMI, four USB 2.0 ports, 5 V/2.5 A DC power input, extended 40-pin GPIO headers, 2.4 GHz 
wireless LAN, Bluetooth 4.2, and a micro SD port for loading the operating system and storing data. 
Users can access and control the Raspberry Pi 3 Model B+ easily using a keyboard, mouse, and display 
through HDMI and USB ports. As this single-board computer is equipped with a Bluetooth module, the 
gateway node can be wirelessly connected to the leaf node, the main hardware of which is the Raspberry 
Pi 3 Model B+. Further, extended 40-pin GPIO headers aid the single-board computer to control and 
monitor the external sensors, such as the accelerometer through connections with the electronic circuits. 
To measure the acceleration, an ADXL335 smart sensor—a small tri-axial MEMS-based analog 
accelerometer with low cost and low power consumption (Figure 3-1)—is selected. This MEMS 
accelerometer is known to measure accelerations up to 3g (270 mV/g sensitivity) with sampling rates 
of 0.5–1600 Hz for the X- and Y-axis and 0.5–550 Hz for the Z-axis. With the analog-based ADXL335 
accelerometer, an ADS1115—a 16-bit analog-to-digital converter (ADC)—is used to convert analog 
acceleration into digitalized acceleration because the Raspberry Pi 3 Model B+ is equipped with GPIO 
headers with digital input only (Figure 3-1). The MEMS accelerometer with the ADC sensor can be 
installed in the mid-span of the stay-cable to measure the vibration of the cable, and these sensing 
devices are connected to the GPIO headers of the Raspberry Pi model through a jump cable.  
 
 













Raspberry Pi 3 Model B+
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3.1.2.  Operating Software 
 
The software layer is designed depending on the functions of the gateway and leaf nodes. BT Chat, 
which is a free mobile software application used to implement Bluetooth connections between available 
devices, is installed in the gateway node. When the gateway node is connected to the leaf node, it 
commands the leaf node to assess the serviceability level. After the leaf node carries out the assessment, 
the gateway node receives the status of serviceability from it wirelessly. Inspectors can monitor the 
serviceability level of a subject cable automatically and in real-time using BT Chat, which 
communicates the maximum amplitude of the cable vibration and a warning message when 
serviceability is a failure.  
 
 
Figure 3-2. Flowchart for automated real-time cable serviceability assessment 
 
In the case of leaf nodes, the software algorithm is implemented using Python and embedded to 
the Raspberry Pi 3 Model B+ running on a Linux operating system. In detail, the software of the leaf 
node works as follows: when the gateway node commands the leaf node to start monitoring, the leaf 
















node first measures the vibration of the cable in the mid-span using the MEMS accelerometer with an 
ADC sensor at a sampling rate of 100 Hz. It should be noted that in this study, the sampling time was 
set to 5 s to assess the serviceability, which can be changed depending on the users’ requirements. 
Subsequently, the acceleration measured for 5 s is converted into displacement using the displacement 
estimation algorithm, and the leaf node evaluates whether the maximum amplitude of the estimated 
displacement exceeds the serviceability criterion which is twice the diameter of the target cable 
provided by the United States [16]. Thereafter, the leaf node transmits the results, i.e., the maximum 
displacement and serviceability status, to the gateway node through Bluetooth communication. As 
mentioned, this system is designed to monitor the serviceability level of the stay-cable every 5 s. The 
procedure for monitoring the serviceability is graphically described in Figure 3-2. 
 
3.1.3.   Laboratory-scale Experiment for Automated System 
 
A laboratory-scale experiment was conducted using a cable to verify the performance of the 
serviceability assessment system, as presented in Figure 3-3. The physical and geometric properties of 
the cable are listed in Table 3-1. The target cable, an IWRC type, has 6.95 m of length with 43° 
inclination, 0.314 kg/m of mass density, 5.46 Ton of the break load, and 10 mm of the diameter. The 
tension force of the cable was set to be 457.8 N that is measured using the vibration-based tension 
estimation method proposed by Shimada [26]. The leaf node was installed on the center of the cable to 
measure the vibration and assess the serviceability level (Figure 3-3). Because the single-board 
computer with the MEMS sensor has low power consumption, the leaf node can also operate with power 
from an external battery. In the experiment, an attempt was made to command the leaf node every 5 s 
by locating the gateway node 10 m away from the leaf node. Note that the sampling time for 
serviceability assessment can be adjusted depending on the inspector’s requirements or the criticality 
of maintenance. A fan located under the cable was used to induce vibration in it with ambient motion, 
as shown in Figure 3-3.  
 




















Figure 3-3. Laboratory setup for monitoring serviceability 
 
3.1.4.  Test of the Automated Real-time Cable Serviceability Assessment System 
 
A series of laboratory experiments were carried out to test the developed automated real-time 
serviceability assessment system. These experiments were designed to assess the serviceability level of 
the stay-cable in mid-span every 5 s. The test results are displayed in Figure 3-4. The gateway node 
commanded the leaf node to measure the cable vibration in terms of the acceleration every 5 s, as shown 
in Figure 3-4 (a). The leaf node automatically computed the acceleration-based displacement 
conversion algorithm to estimate the dynamic displacement every 5 s (Figure 3-4 (b)). Finally, the 
maximum absolute amplitude of the converted dynamic displacement was used to assess the 
serviceability level, which can be either allowed or disallowed depending on the serviceability criterion 
(the amplitude should be less than twice the diameter of the target cable; Figure 3-4 (c)). The 
serviceability level was evaluated based on the “Max Abs Amp”, which denotes the maximum absolute 
amplitude of the estimated displacement for 5 s. From the results depicted in Figure 3-4, this study 
verified that the developed system functioned well to measure the cable response in terms of 
acceleration, estimate the displacement from the measured acceleration, and assess the serviceability 
level based on the defined threshold. 
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Figure 3-4. Automated real-time serviceability assessment results for 30 s 
 
Furthermore, the wireless communication between the gateway node and the leaf node was tested 
to verify the system for serviceability assessment. The result of the wireless communication test 
between the two nodes is depicted in Figure 3-5. Because the fan was not sufficiently strong to induce 
vibrations greater than the failure level of 20 mm, the serviceability threshold was adjusted to 1 mm 
just for the purpose of verification. As shown in Figure 3-5 (a), wireless communication can be activated 
after the gateway and leaf nodes are connected through Bluetooth communication by pressing the “Scan 
for devices” button and selecting the “raspberrypi” as the pairing device in the “Select a device to 
connect” list of the BT Chat application. After the activation of wireless communication, the gateway 
node commanded the leaf node to measure the acceleration of the stay-cable under the fan vibration, 
estimate the displacement from the measured acceleration, and assess the serviceability level every 5 s. 
The serviceability status, as well as the maximum absolute amplitude of the estimated displacement for 
5 s, were communicated to the gateway node through wireless communication, as shown in Figure 3-5 
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s and the serviceability level is printed as either “Allowable” or “Not allowable” based on the defined 
threshold of 1 mm. The stay-cable experienced both serviceability allowable and not allowable 
conditions depending on the assessment cases. For example, in the third assessment case (Figure 3-5 
(c)), the maximum absolute displacement was 0.909 mm at 1.33 s, which indicates allowable 
serviceability. In the second example, the maximum absolute displacement was 0.914 mm at 0.24 s, 
which is also within the serviceability threshold (Figure 3-5 (d)). The third example, however, indicated 
that the serviceability was a failure because the maximum absolute displacement was 1.230 mm at 1.68 
s, which exceeds the defined threshold (Figure 3-5 (e)). Thus, this study verified that the developed 
wireless system can assess the serviceability of the stay-cable automatically and in real-time under the 
defined serviceability threshold through wireless communication between the gateway and leaf nodes. 
 
 
Figure 3-5. Wireless communication results of serviceability assessment 
 
As a new pioneering study implementing wireless smart sensors for the maintenance of stay-cables, 
the developed system can be applied not only for monitoring serviceability but also for other 
maintenance purposes. For example, a damper system such as a passive, active, and magneto-
rheological damper has been widely applied to enhance the damping performance of the stay-cable as 
a means to reduce the cable vibration [4, 8]. The developed system can be used to evaluate the 
performance of the damper in terms of reducing vibration by monitoring the vibration of the cable 
before and after the damper installation. When the serviceability of the stay-cable fails continually 
despite the installation of the damper, the developed system allows inspectors to adjust the damper 
performance to reduce the vibration enough to meet the serviceability criterion.  
* ua_max: Maximum Absolute Amplitude (mm)
* Serviceability: Allowable/ Not allowable 
Max Abs Amp = 0.909
Max Abs Amp = 0.914
Max Abs Amp = 1.230





3.2. Automated Damping Estimation Method 
 
3.2.1.  Selection of Appropriate Method for Damping Automation 
 
Five representative methods widely used for damping estimation were described as shown in Table 3-2 
based on the literature review in Section 2. As the optimal method for damping automation has not been 
reported, this study set the criteria to select an appropriate automated damping estimation method. First, 
a loading condition is one of the important criteria. In real-world bridges, it is difficult not only to apply 
impulse loading to cables artificially but also to identify characteristics of input loading. Second, the 
selected method is required to perform damping estimation with less computation power. The 
computation burden of the frequency-domain method is less than that of the time-domain approach. 
Third, a method, possible to extract properties of natural modes easily, is appropriate for damping 
automation. Based on three criteria, this study selected the ‘Half-Power Bandwidth Method’ for 
damping automation which satisfied below three conditions.  
 
Condition 1. Output-only modal identification method based on ambient vibration 
Condition 2. A simple method with less computation time to identify damping ratio 
Condition 3. Easy to identify peaks from the frequency domain representation (i.e., Power Spectral 
Density (PSD)) 
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3.2.2.  Automated Damping Estimation Method 
 
The automated damping estimation is designed to conduct data acquisition, PSD calculation, peak-
picking, and damping ratio estimation. A more detailed automation process is as follows:  
 
Step 1: Measure the cable response in terms of acceleration 
Step 2: Transform a time-history cable response into a frequency domain representation (e.g., PSD) 
Step 3: Detect peaks which correspond to natural modes 
Step 4: Apply Half-Power Bandwidth Method to identify damping ratio 
 
It is noted that the peaks are detected by searching local maxima with ten spectral lines around 
predefined natural frequencies. After peak-picking, the Half-Power Bandwidth Method is applied to 
estimate the damping ratio. The Half-Power Method with user-defined peak-picking can identify 
structural damage in a stay-cable by monitoring an estimated damping ratio. When peak locations are 
shifting owing to structural damage, geometric shapes of peaks around predefined ranges are changing, 
and thus estimated damping ratio has different values. As damping estimation by Half-Power Method 
depends on geometric shapes of predefined peaks, this peak-picking method is efficient to monitor cable 




3.2.3.  Case Study: The Hwatae Bridge  
 
The proposed automated damping estimation method was applied to one of the stay-cables in the 
Hwatae Bridge. This bridge is located in the city of Yeosu, a southern region of the Korean Peninsula, 
connecting Dolsan Island and Hwatae Island (Figure 3-6). This bridge was constructed in December 
2015 with a 130 m height of pylon, 500 m span between two pylons, and 1,345 m total bridge length, 
which has the highest pylon and the third-longest span in Korea. The bridge is supported by a total of 
136 stay-cables composed of three different types of cables.   
 
 
Figure 3-6. Field experiment site (Hwatae Bridge) 
 
This study selected the largest cable located in Dolsan Island direction, CM17 shown in Figure 
3-7, as a target cable to monitor the damping ratio automatically under the different wind conditions. 
The geometric and physical properties of the selected cable are shown in Table 3-3. 
 
Table 3-3. Geometric and physical properties of the stay-cable 
 Cable length  
(m) 
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Figure 3-7. Longitudinal sectional profile of the Hwatae Bridge with the target stay-cable 
 
At the target cable, an accelerometer (CAC_I05) was installed to acquire an acceleration response as 
shown in Figure 3-8. This study obtained the cable responses, especially a total of five datasets with 
different wind conditions (Table 3-4) from this sensor, and then applied the proposed automated 
damping estimation method. All collected datasets are composed of acceleration data recorded by every 
10 min with a 100 Hz sampling rate. For example, the cable response dataset from September 8, 2019, 
has a total of 144 data files recorded by every 10 min for 24 hours. The dataset from July 20, 2019, and 
September 7, 2019, were measured when typhoon Danas and Lingling struck to the bridge respectively. 
 
 
Figure 3-8. Sensor deployment in the Hwatae Bridge 
 
Table 3-4. Five datasets with different ambient wind conditions 
 Date 
Mean Wind Speed at 
the Deck (m/s) 
Mean Wind Speed at 
the Top of Pylon (m/s) 
Description 
Ambient 
20190908 1.1686 0.7871 24 Hours, 00:00-24:00 
20190703 3.2045 1.5265 9 Hours, 09:00-18:00 
20180110 8.5543 8.9954 6 Hours, 00:00-06:00 
20190720 17.3990 18.8834 2 Hours, 06:00-08:00 













3.2.4.  Application of Automated Damping Monitoring  
 
The calculation of PSD is affected by the number of fast Fourier Transform (NFFT) and types of the 
spectral window as mentioned in Section 2.1.3. Before applying the Half-power method to monitor the 
damping ratio, this study examined the optimal value of NFFT and the appropriate type of spectral 
window. In the case of the spectral window, three types of windows, boxcar, hanning, and hamming, 
were considered to select the appropriate window used to avoid spectral leakage when calculating the 
PSD of responses. These windows were applied to one of the time-history cable acceleration response 
for 10 min from the CAC_I05 sensor, and the corresponding PSD graph with one peak is shown in 
Figure 3-9. Compared with the boxcar window, two windows, hanning and hamming, showed the 
similar geometric shape of a peak in the PSD illustration. As the boxcar window cannot reduce the 
spectral leakage, this study selected one of two windows (i.e., hanning window) to apply the calculation 
of PSD.  
 
 
Figure 3-9. Power spectral density with different spectral windows 
 
When it comes to the NFFT, this study increased the NFFT value from 210 to 215 to calculate the PSD 
of a time-history cable acceleration data for 10 min from the CAC_I05 sensor. The higher NFFT value 
is used to obtain the PSD graph, the sharper peaks we can obtain as shown in Figure 3-10. However, 
the geometric shapes of peaks have become not clear when the 215 of NFFT value was used compared 
to other values. In conclusion, this study selected the 214 of NFFT as an appropriate number for 
calculating PSD. It is noted that the optimal value of NFFT can be different by characteristics of 




Figure 3-10. Power spectral density of a cable response with different NFFT 
 
The collected response datasets from the CAC_I05 accelerometer were analyzed by following four 
steps introduced in Section 3.2.2 to monitor the damping ratio. For calculating the PSD of each data file 
containing the acceleration response for 10 min, this study used the hanning window and 214 of NFFT 
with the overlap of NFFT/2. The peak-picking was applied to the PSD graph by searching local 
maximum point around predefined natural frequencies of the Cable CM17. The example PSD graph of 
a cable response measured from September 8, 2019, is shown in Figure 3-11 with ten predefined natural 






Hz, 5th: 2.075 Hz, 6th: 2.490 Hz, 7th: 2.905 Hz, 8th: 3.320 Hz, 9th: 3.760 Hz, 10th: 4.175 Hz, and 11th: 
4.590 Hz). Note that the first natural frequency was not considered in the estimation of the damping 
ratio owing to high noise in the low-frequency range. The ten natural modes, within predefined 
frequency ranges, were extracted (Figure 3-11), and then the damping ratio of each mode was calculated 
automatically by the half-power method. The estimated damping ratio showed similar trends with the 
result of the NExT-ERA technique as shown in Table 3-5, which can be successfully verified to estimate 
reliable damping ratio. 
 
 
Figure 3-11. Peak-picking with ten identified natural frequencies (September 8, 2019) 
 
Table 3-5. Estimated damping ratio by different two methods 
Method 
Damping ratio (%) 
2nd 3rd 4th 5th 6th 
Half-Power method 0.4993 0.3669 0.2623 0.2101 0.1725 
NExT-ERA 0.5196 0.3863 0.2485 0.1980 0.1870 
 
The same process was repeated to every data file for 10 min measured from September 8, 2019, 
and the monitoring results with five natural modes for 24 hours are shown in Figure 3-12. As some data 
files had over/less-estimated damping ratio, this study removed outlier estimated values that are out of 
outlier criterion (10 % variation of a representative damping ratio). The average value of monitored 
damping ratio is indicated in Table 3-6 and Figure 3-13, which shows 0.514 %, 0.267 %, 0.262 %, and 




(a) Damping monitoring before outlier removal 
 
(b) Damping monitoring after outlier removal 
















































This study repeated the same process of damping monitoring for other data sets with different wind 
conditions, and the mean damping ratio from monitored results is indicated in Table 3-6 and Figure 
3-13. When the wind speed was faster, the damping ratio tended to be higher as shown in Table 3-6 and 
Figure 3-13. This finding showed that a damper installed to the Cable CM17 operated owing to wind 
force, and thus the damping ratio was increasing consequently. 
 
Table 3-6. Mean damping ratio with acceleration responses by five cable response datasets 
Date 1st 2nd 3rd 4th 5th 
Wind speed at 





20190908 *n.d 0.514 0.267 0.262 0.217 1.169 954.63 1.88 
20190703 *n.d 0.584 0.398 0.296 0.231 3.205 1,178.15 7.86 
20180110 *n.d 0.685 0.410 0.296 0.247 8.554 1,100,64 35.83 
20190720 *n.d 0.758 0.493 0.414 0.262 17.399 1,319.25 69.57 
20190907 *n.d 0.763 0.538 0.519 0.333 21.212 1,373.27  81.47 
*n.d: Not determined 
 
 




(Wind speed: 1.17 m/s)
(Wind speed : 3.20 m/s)
(Wind speed : 8.55 m/s)
(Wind speed : 17.40 m/s)
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3.3. Serviceability Assessment Method with Vibration Control  
 
3.3.1. Serviceability Assessment using VanMarcke’s First-passage Probability 
 
This section describes the proposed serviceability assessment method for stay-cables equipped with 
vibration control measures. Most modern developed countries have design specifications that define the 
serviceability failure of stay-cables [4, 41-43]. For example, the Korean design code states that the 
maximum allowable deformation of a stay-cable must be less than 1/1600 of the cable length at the 
middle of the cable under the external wind of mean speed less than 20 m/s for 10 minutes [4]. The 
proposed framework was accordingly designed to assess cable serviceability based on such design 
specifications that define the point of serviceability failure. 
The serviceability failure probability can be determined as a first-passage problem using time 
history data of cable vibration with and without vibration control. Let Pf(xs;τ) be the first-passage failure 
probability of X(t) over a given double-sided threshold |x| = xs during a time interval tϵ(0,τ), where X(t) 
indicates the cable displacement. Note that the threshold value xs is generally specified by the 
appropriate design guideline. The approximated form of this probability is as follow [68]:   
 
0
( ; ) 1 exp ( ; )f s sP x A x t dt

   − −
  
  (48) 
where A is the probability of X(t) in the safe domain at t = 0, and α(xs;t) is the conditional mean crossing 
rate at time t, given no prior crossings. 
Under VanMarcke’s approximation [69], the unconditional mean crossing rate of the envelope 
process η(xs;t) is used instead of the conditional crossing rate α(xs;t) because the conditional crossing 
rate depends on the bandwidth of the process and duration time in the unsafe region. Additionally, A is 
replaced with B, which indicates the probability that the envelope process is in the safe domain at t = 0. 
Using this approximation, the first-passage probability of the cable response can be determined from 
the following equations: 
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where E(t) is the envelope process of X(t); v(xs;t) is the unconditional mean crossing rate of |X(t)| over 
xs under the Poisson approximation; fE(e;t) is the marginal probability density function of E(t); and 
vE+(xs;t) is the unconditional mean up-crossing rate of E(t). 
When X(t) has a stationary and zero-mean Gaussian distribution, η(xs;t) and v(xs;t) are functions of 
xs only. By employing the envelope defined by [70], B and η(xs;t) in Equation (49) can be replaced 
with: 
 ( )2=1- exp - 2B r   (50) 
 ( ) 1.2 2( ) ( ) 1 exp( / 2 ) / 1 exp / 2s sx x r r      = − − − −     (51) 
where r = xs/σX is the normalized threshold and σX is the standard deviation of X(t). The safety factor 
characterizing the bandwidth of the process can be defined as δ = (1−λ12/λ0λ2)1/2, where λm is the spectral 
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  (52) 
where GXX(ω) is the power spectral density in the frequency domain of the vibration X(t). 
Using the VanMarcke’s first-passage failure probability, this study determined the probability of 
cable system serviceability failure, allowing the effect of vibration control on the cable serviceability to 
be examined. The procedure used in this study for the serviceability assessment of stay-cables equipped 
with vibration control is described in Figure 3-14. 
 
 



























3.3.2.  Case Study for Serviceability Assessment: The Second Jindo Bridge 
 
◼ Bridge Description 
The Second Jindo Bridge was selected as the case study for the proposed method of assessing cable 
serviceability considering vibration control. The Second Jindo Bridge, shown in Figure 3-15, is a 484-
m long cable-stayed bridge in Korea connecting Jindo Island to the town of Haenam, a southwestern 
inland region of the Korean Peninsula. In all, 15 different types of cables constitute the 60 total stays 
that support the bridge. The properties of three representative cables are summarized in Table 3-7 [71]. 
Despite the high-velocity tidal currents at this bridge site, the bridge does not suffer from any scour 
problem as the pylons were constructed on the land. However, the bridge is only lightly damped and 
thus vulnerable to both wind-rain and traffic-induced vibrations. 
 
 
Figure 3-15. Jindo Bridges (the Second Jindo Bridge is on the left) 
 
Table 3-7. Cable properties of the Second Jindo Bridge [47] 




Unit mass  
(ton/m) 
Tension force 
(tonf) ID Type  
C10 ∅7 X 109 96.515 0.095 0.0347 110.2 
C11 ∅7 X 109 110.940 0.095 0.0347 130.6 
C14 ∅7 X 139 157.880 0.106 0.0439 174.4 
 
This study investigated Cables C10, C11, and C14 shown in Table 3-7 to demonstrate the proposed 
serviceability assessment method. A total of 20 shape functions, including one static deflection term 
and 19 sine functions, were assumed to construct the combined cable-damper model, which is known 
to approximately represent the damped cable model [55]. The cable sag due to self-weight was also 
considered in the cable model in order to provide a more realistic numerical simulation. The passive 
viscous damper was assumed to be installed at 2% of the cable length and to have a damping constant 
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cd = 1.5, providing a 0.5% additional damping ratio to the cable. Note that the damper is required to 
produce at least 0.5% of the critical damping according to the bridge design criteria in Korea [4].  
 
◼ Aerodynamic Wind Force  
Aerodynamic wind force applied to the cable is generated in this study. Let the external force f(x,t) in 
Equation (53) be assumed to be the aerodynamic wind force W(t), which is uniformly distributed on 
the cable as: 
 ( , ) ( )f x t W t=   (53) 
The wind force W(t) on the cable can be derived as a combination of lift and drag forces caused by the 
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where ρair is the air density; D is the diameter of the cable; WL and WD are the lift and drag forces, 
respectively; CL and CD are the lift and drag coefficients, respectively; and ψt is the summation of ψ, θ0, 
and θ, where ψ is the angle between the direction of the relative wind speed (Urel) and the horizontal 
plane of the cable surface, θ0 is the initial angle of the rainwater rivulet, and θ is the instantaneous angle 
of the rivulet. 
The oncoming wind is composed of two components of varying magnitude depending on its 
direction: one perpendicular to the cable axis and the other parallel to the cable axis. As the wind 
blowing on the cable in the parallel direction has less of an effect on wind-rain induced vibration, this 
study considered only the oncoming wind in the direction perpendicular to the cable axis, denoted by 
U. The oncoming wind causing the cable vibration (U) can then be derived by a function of the inclined 
angle of the cable (α) and the oncoming wind speed (U0) for a wind direction angle (β) as follows:  
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  (55) 
where γ is the angle between the wind direction of U and the horizontal plane of the cable surface. The 



















  (56) 
Thus, given the time history data of wind speed U and its associated angles, the wind force W(t) can be 
obtained. More details regarding the derivation of wind force can be found in the previous study [72]. 
 
3.3.3.  Dynamic Simulation for Wind-rain Induced Cable Vibration   
 
Three oncoming wind speed (U0) cases consisting of different 10-minute mean wind speeds (V10), 
shown in Table 3-8, were considered to generate the simulated displacement responses. All wind forces 
were assumed to be uniformly applied to the cables. The time history wind data for the three cases were 
obtained from the NatHaz On-line Wind Simulator (NOWS) [73] for Exposure Category D, a cut-off 
frequency of 5 Hz, and time duration of 18,000 s. Note that Exposure Category D is the case for the 
open ocean according to ASCE 7-98. Based on a previous study [72], the numerical analysis in this 
section simulated wind-rain induced aerodynamic wind force under assumptions of a cable inclination 
angle α of 30°, wind direction angle β of 35°, initial angle θ0 of 20°, and instantaneous angle θ of 25°.  
 
Table 3-8. Three evaluated oncoming wind speed cases (U0) 
Wind case 
10-minute mean 
wind speed (V10) 
Description 
Case 1 12.89 m/s Mean wind speed when typhoon COMPASU was closest to the 
Jindo Bridge (2010.09.01 PM 09:42-09:51) [27] 
Case 2 20 m/s Mean wind speed criterion for serviceability failure as defined in 
the Korean Highway Bridge Design Code [21 
Case 3 36 m/s 
Maximum mean wind speed when typhoon RUSA (2002.08.31, 
the most powerful typhoon in Korea) passed through the Korean 
peninsula [28] 
 
The simulated responses in Case 1 were compared with the actual measurements acquired during 
typhoon COMPASU to compensate for possible errors in the dynamic simulations. Then, the generated 
wind force was modified by matching the standard deviations of the simulated and measured 
displacements so that the generated results matched the collected data. Let Cable C14 be taken as an 
example for generating realistic wind forces. When typhoon COMPASU was closest to the Jindo Bridge 
(Case 1), the dynamic displacement response of Cable C14, which was converted from the measured 
acceleration, indicated a standard deviation of 0.0036 m over 60 s for a wind speed of 12.89 m/s. The 
modified wind forces W(t) of Cable C14 for the three wind cases in Table 3-8 from 8,000 to 10,000 s 
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of the 18,000 s evaluation period are provided in Figure 3-16. The wind forces on the other cables were 
generated using the same procedure. 
 
 
(a) Case 1 (V10 = 12.89 m/s) 
 
(b) Case 2 (V10 = 20 m/s) 
 
(c) Case 3 (V10 = 36 m/s) 
Figure 3-16. Time histories of wind force W(t) for each wind case on Cable C14 
 
A time history analysis was conducted to obtain the displacement responses of the cables with and 
without vibration control. Figure 3-17 shows the resulting displacement responses of Cable C14 and 
Table 3-9 summarizes the standard deviation, maximum displacement, and control efficacy for each 
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wind case. Note that the passive viscous damper with cd = 1.5 was observed to reduce the cable vibration 
by 40–50% in most cases, as shown in Table 3-9. 
 
 
(a) Case 1 (V10 = 12.89 m/s) 
 
(b) Case 2 (V10 = 20 m/s) 
 
(c) Case 3 (V10 = 36 m/s) 




Table 3-9. Numerical results of cable vibration with/without vibration control on Cable C14. 
Wind cases 


















(V10 = 12.89 m/s) 
6.45x10-3 3.32x10-3 48.53 2.71x10-2 1.38x10-2 49.01 
Case 2 
(V10 = 20 m/s) 
1.72x10-2 9.21x10-3 46.45 7.10x10-2 3.82x10-2 46.20 
Case 3 
(V10 = 36 m/s) 
2.82x10-2 1.64x10-2 41.84 1.17x10-1 8.41x10-2 28.12 
 
3.3.4.  Serviceability Assessment  
 
The probability of serviceability failure was evaluated for the three target cables (C10, C11, and C14) 
with and without vibration control under the three wind cases as shown in Table 3-10. Note that the 
serviceability failure criteria used in this study were adopted from the Korean Highway Bridge Design 
Code [4], defined as a displacement of over 1/1600 of the cable length at the middle of the cable when 
the wind speed is less than 20 m/s for 10 minutes. Using Cable C14 as an example, the cable can be 
observed to bear the external wind force without serviceability failure (Pf = 0) in Case 1 regardless of 
the presence of the passive damper. In Case 2, the probability of serviceability failure over one hour 
was 1.65x10-1 when uncontrolled but was lowered to 1.15x10-12 when the passive damper was included. 
Under the conditions of the most powerful wind measured in Korea (Case 3), the serviceability of the 
uncontrolled cable exhibits definite failure, while the passively controlled cable exhibits relatively high 
failure probabilities of 3.59x10-1 and 5.89x10-1 for T = 3,600 s and 7,200 s, respectively.  
The probability of serviceability failure can be adjusted by changing the non-dimensional damping 
constant (cd) as it describes the performance of the passive viscous damper. The probability of 
serviceability failure for Cable C14 in Case 3 is shown in Figure 3-18 for damping constants from 0 to 
5.0 for T = 3,600 s. As would be expected, increasing the damping constant of the passive damper 
mitigates the cable vibration and results in a lower probability of serviceability failure. Clearly, the 
probability of serviceability failure can be effectively controlled to meet design guidelines by adjusting 









Table 3-10. Calculated probability of serviceability failure (Pf) 
Case parameters 
Probability of serviceability failure (Pf) 
Cable C10 Cable C11 Cable C14 
Case 1 
(V10 =  
12.89 m/s) 
Uncontrolled 
T = 3,600 s 8.92x10-6 0 0 
T = 7,200 s 1.78x10-5 0 0 
Passive control 
(cd =1.5) 
T = 3,600 s 0 0 0 
T = 7,200 s 0 0 0 
Case 2 
(V10 = 20 m/s) 
Uncontrolled 
T = 3,600 s 1 9.23x10-1 1.65x10-1 
T = 7,200 s 1 9.94x10-1 3.04x10-1 
Passive control 
(cd =1.5) 
T = 3,600 s 4.91x10-1 6.20x10-7 1.15x10-12 
T = 7,200 s 7.40x10-1 1.24x10-6 2.30x10-12 
Case 3 
(V10 = 36 m/s) 
Uncontrolled 
T = 3,600 s 1 1 1 
T = 7,200 s 1 1 1 
Passive control 
(cd =1.5) 
T = 3,600 s 1 1 3.59x10-1 
T = 7,200 s 1 1 5.89x10-1 
 
 
Figure 3-18. Probability of serviceability failure of Cable C14 versus non-dimensional damping 














The present topic consisted of three parts: 1) developing an automated real-time serviceability 
assessment system, 2) presenting an automated cable damping monitoring strategy, and 3) proposing a 
serviceability assessment method with consideration of vibration control. First, the automated real-time 
serviceability assessment system using wireless smart sensors was developed to monitor the 
serviceability of the stay-cable in a cable-stayed bridge, which operates at low cost and consumes low 
power. The developed system consists of a gateway node and a leaf node connected to each other 
through Bluetooth communication. The gateway node commands the leaf node to assess the 
serviceability and monitor the serviceability level, and the leaf node assesses the serviceability of the 
stay-cable. The gateway node was designed using a Bluetooth device to check the serviceability 
condition of the stay-cable. Smart sensors with low cost and low power consumption were used to 
develop the leaf node, which is based on the Raspberry Pi 3 Model B+ single-board computer and 
MEMS accelerometer with ADC sensor. The system features embedded on-board processing to 
measure the acceleration, estimate the displacement from the measured response, and diagnose 
serviceability failure based on the US design code [16]. Note that the measured acceleration of the stay-
cable is converted into dynamic displacement based on a previous study [22]. A series of experiments 
were conducted using a laboratory-scale cable to verify the developed system, and the results indicate 
that the system can monitor the serviceability of the stay-cable using a single type of measurement data 
with the Raspberry Pi-based single-board computer. In addition, the leaf node installed on the cable can 
be remotely commanded by the gateway node, in particular, using the Bluetooth device, which aids 
inspectors in monitoring the serviceability level of the stay-cable conveniently.  
Second, an automated cable damping monitoring strategy was presented. For complement, this 
study examined various damping estimation methods, which can be classified into time- and frequency-
domain methods. The criteria were set to determine the appropriate method for damping automation, 
which can be possible to conduct output-only modal identification with less computation time. The half-
power method was selected, satisfying predefined conditions for automation tailored to the stay-cable, 
to estimate damping ratio from PSD calculation. As the estimated damping ratio by the half-power 
method is affected by the NFFT and types of spectral window, this study investigated the optimal NFFT 
and spectral window to calculate PSD with less spectral leakage. The PSD of cable responses were 
calculated based on the determined NFFT and spectral window. Peak-picking was applied to detect 
natural frequencies in the PSD graph based on predefined ranges which are assumed to include natural 
modes. After that, the proposed automated damping estimation method was applied to cable responses, 
obtained from in-service bridges in Korea under the different wind conditions, and successfully verified 
to monitor cable damping ratio continually.  
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Third, a serviceability assessment method for vibration-control equipped stay-cables was proposed 
and evaluated when subjected to external wind forces causing wind-rain induced vibration. The cable 
serviceability failure event used in this method was defined according to when the cable response 
reached either the upper or lower bound given in the relevant bridge design code. Treating the cable 
behavior as a first-passage problem, the probability of serviceability failure was assumed to be the 
probability of the cable response first moving outside the defined limits during a prescribed time interval. 
The cable dynamics were simulated considering not only cable sag but also inclination angle, flexural 
rigidity, and static deflection to construct a realistic cable model, and a passive viscous damper was 
selected as the damping device. By using VanMarcke’s approximation, this study then assessed the 
probability of serviceability failure of the cables used in the Second Jindo Bridge in Korea depending 
on the presence of vibration control. According to the Korean Highway Bridge Design Code, the cable 
vibration serviceability failure threshold was set to 1/1600 of the cable length [4]. The proposed method 
showed a clear correlation between the behavior calculated using the proposed method and data 
collected under the same wind speed event. The results demonstrate that the proposed serviceability 
assessment method can be used to provide a guideline to determine the possibility to use of a cable-
stayed bridge and the appropriate damping systems given the wind environment and can serve as a 





4. INTEGRATED VIBRATION CONTROL SYSTEM  
 
Cable vibration control is one of the important topics to keep the allowable serviceability level under 
external loadings. This study aims to develop an integrated cable vibration control system using the 
Arduino platform and MR damper implementing a semi-active control and clipped optimal algorithm. 
A more detailed explanation of the system is introduced below.  
 
4.1. Design of the Integrated Cable Vibration Control System 
 
4.1.1.  Sensor Hardware Platform 
 
This study develops an integrated cable vibration control system () that performs two main functions, 
sensing the cable response and controlling the damping device. As a low-cost and low-power single 
microcontroller board, the Arduino Due is selected as a platform for the integrated vibration sensing 
and control system. The Arduino Due is the first Arduino product based on the 32-bit ARM core 
microcontroller, meeting the needs for vibration sensing and control in this study. This board has 54 
digital input/output pins, 12 analog inputs, 84 MHz clock, a USB OTG capable connection, two DAC, 
and a 3.3 V operating voltage. For programming Arduino, an interface named the ‘Integrated 
Development Environment (IDE)’ is provided, which is capable of writing, debugging, and uploading 
code based on C and C++ to the board.   
As the component for sensing the cable response, this study selects a tri-axial accelerometer ADXL 
335 based on the MEMS accelerometer. The ADXL 335 is small and low-cost; moreover, it has a low-
power consumption (350 μA), the minimum measurement range of ±3g in tri-axis, and 270 mV/g of 
sensitivity. The sampling rate of this sensor ranges from 0.5 Hz to 1,600 Hz for the X and Y axes, and 
from 0.5 Hz to 550 Hz for the Z axis. 
As a damping device for semi-active control, the MR damper, RD-1097-01 model, produced by 
Lord Corporation is selected. This model is designed to generate 100 N as its maximum damping force 
under 1 A of current and 51 mm/s of piston velocity. Under the passive-off mode, the damping force is 
less than 9 N at a piston velocity 200 mm/s. This damper has a stroke from – 25 mm to 25 mm, and a 
response time that is less than 25 ms (response speed = 40 Hz) under a step change of the current from 
0 A to 1 A for 51 mm/s piston velocity [6]. Details of damper characteristics in terms of displacement, 
loading velocity, and input current can be found in the previous study [24]. As the MR damper is 
controlled by the current signal, this study uses the Wonder Box to convert the command voltage 





Figure 4-1. Integrated control system with semi-active damping device 
 
4.1.2.  Operating Software 
 
The semi-active control algorithm is implemented on the Arduino Due through the IDE interface. For 
semi-active control, the LQG control algorithm is first programmed to estimate the system state using 
the measured cable response and provide control gain used to calculate the control force. While 20 
shape functions are known to be effective for determining the control force of a cable [55], cable 
dynamics in this study are constructed using one shape function, focusing on reducing the first mode of 
vibration because of the limited performance of the Arduino board. The cable’s tension is also measured 
to construct cable dynamics using vibration-based methods, finding the linear relationship between 
natural frequencies and cable tension proposed by Shimada [63]. Because of limited operating speed, 
the sampling rate of the Arduino board is set to 20 Hz as a maximum speed when the semi-active control 
is embedded. To control the MR damper’s performance, the clipped-optimal controller is implemented 
on the Arduino board to determine the command input voltage to the MR damper.  
The procedure for cable vibration control is summarized in Figure 4-2. At the damper location, the 
acceleration sensed by the low-cost MEMS accelerometer is measured. This is the first cable response 










the desired control force through LQG control. The command voltage is generated by the clipped-
optimal algorithm based on the relationship between the control force and damping force measured by 
a load cell at the damper location. The control voltage is converted to current, and this current is applied 
to the MR damper to control cable vibration.  
 
 
Figure 4-2. Block diagram of the control process 
 
4.2. Laboratory-scale Experiment 
 
4.2.1.  Experimental Setup 
 
In this study, a cable/MR damper system for a laboratory experiment is developed to examine the 
effectiveness of the proposed system on cable vibration reduction (Figure 4-3). The geometric and 
mechanical properties of the cable are indicated in Table 4-1. The MR damper is located 15% of the 
total length of the cable from the lower anchorage. An exciter (B&K Exciter 4808) is installed in the 
mid-span of the cable to impose in-plane sinusoidal excitation to the cable in a perpendicular direction. 
To measure the cable response, an accelerometer (PCB 353B33, 101.9 mv/g) is installed in the middle 
span of the cable. The force of the MR damper is measured by a load cell located in between the MR 
damper and the cable. The cable tension is fixed at 379.2 N, and its value is estimated by the vibration-
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Figure 4-3. Experimental setup for cable vibration control 
 















Natural frequency (Hz) 
First Second Third 
6.95 43 379.2 0.314 10 5.46 IWRC 2.5 5.0 7.5 
 
4.2.2.  Test of the Integrated Cable Vibration Control System  
 
A series of experiments to validate the performance of the proposed system were conducted with the 
following four control schemes: (1) without the MR damper (namely, “uncontrolled”), (2) with the MR 
damper having no applied current (namely, “passive-off” control), (3) with the MR damper having 
constant applied current (namely, “passive-on” control), and (4) with the MR damper having an 
inconstant current controlled by the semi-active control algorithm. The four tests were carried out with 
the same excitation condition under constant amplitude and the third natural frequency (7.5Hz). The 
exciter was not able to induce sufficient vibration in the first and second natural modes of the cables, 
whereas the third mode could be excited.  
Before conducting a series of tests, the performance of the system was evaluated. In particular, the 
system’s stability, time delay, and command signal were investigated. First, as the response speed of 
the MR damper (40 Hz) is higher than that of the developed control system (20 Hz), the damper can be 
controlled by the system with sufficient time to be saturated, showing the same result in the experiment. 
Therefore, the developed control system could provide control voltage to the damper stably. Second, 








The time delay was not identified in the Arduino platform because the integrated control system was 
designed to have a maximum sampling rate of 20 Hz, running the semi-active control fully. Third, a 
signal of the control voltage was examined to verify whether the MR damper is well controlled or not 
based on a clipped optimal algorithm. The spatial distribution of control voltage is indicated in Figure 
4-4 for the first ten seconds of operation time with a relationship between the optimal control force and 
damping force. This study confirmed that the MR damper is correctly controlled by the Arduino-based 
integrated control system satisfying the clipped optimal algorithm. 
 
 
Figure 4-4. Spatial distribution of control voltage depending on optimal control force and damping 
force (the dashed line represents fc = Fd) 
 
Figure 4-5 represents the time histories of cable accelerations with the four different control 
schemes when the driving frequency of the exciter is 7.5 Hz. The obtained acceleration responses 
showed that all the MR dampers with passive-off, passive-on, and semi-active control reduced the cable 
vibration compared to the uncontrolled case. Supporting the result from Figure 4-5, Table 4-2 shows 
that all passive-off, passive-on, and semi-active control schemes reduce the level of maximum 
acceleration compared with the uncontrolled case. Note that whereas the standard deviation of the 
passive-on control is larger than that of the uncontrolled case, the passive-on scheme has a lower 
maximum acceleration. Both passive-off and semi-active control showed a lower variation in 





(a) uncontrolled and passive-off 
 
(b) passive-off and passive-on 
 
(c) passive-off and semi-active 
 
(d) passive-on and semi-active 
Figure 4-5. Time histories of the acceleration response of the cable 
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Uncontrolled 0.2440 0.6834 / 
Passive-off 0.2306 0.5682 16.86 
Passive-on 0.2645 0.5336 21.02 
Semi-active 0.1731 0.3513 48.60 
 
This study calculated the power spectral density of cable accelerations to show a dominant mode 
vibration and to identify the effect of semi-active control on vibration reduction (Figure 4-6). Two 
effective control schemes, showing large vibration reduction, were chosen to compare the power 
spectral density of a cable response to each other. Both control schemes indicated the same dominant 
excitation frequency (7.5 Hz). Compared to a passive-on control, a semi-active control showed more 
energy reduction in the excitation frequency, indicating good performance in vibration reduction.  
 
 
Figure 4-6. Power spectral density of cable accelerations from passive-on and semi-active control 
 
The following conclusions can be drawn from the results. First, semi-active control most 
effectively reduced the cable vibration in terms of acceleration compared with passive-off and passive-
on control. The cable response by semi-active control exhibits less vibration than other controls, and 
the control efficacy also supported the finding that semi-active control can reduce the maximum 
acceleration about 2.5 times more than passive-off and passive-on control. Second, both passive-on and 
passive-off control could reduce the cable response while showing a similar vibration reduction.   
To apply the developed control system to real-world applications, it is important to identify the 
appropriate capacity of a power source that provides the operating power for the integrated control 
system. Measuring the power consumption of this system is needed to design the appropriate power 




a power regulator, which consume power. During normal operation, the Arduino Due micro-controller 
(SAM3X, 84 MHz) uses 75 mA/h, and the power regulator consumes 10 mA/h. Under the input voltage 




The objective of this study was to develop an integrated cable vibration control system, embedding a 
semi-active control. The integrated system was constructed based on the Arduino Due platform, which 
known to be low-cost and has low-power consumption. This system was designed to function in two 
ways, i.e., sensing the cable response and controlling the MR damper to reduce cable vibration. A low-
cost, low-power MEMS accelerometer was employed to sense the cable vibration, and a semi-active 
control algorithm was implemented in this system to reduce cable vibration. For controlling the 
damping device, this study implemented the clipped-optimal controller known to be effective for 
performing semi-active control. An experimental test was carried out using a stay-cable installed for the 
laboratory experiment to identify the utility of the proposed system on vibration reduction and the 




5. AUTOMATED TENSION MONITROING USING DEEP LEARNING 
 
The tension force provides useful information for stay-cable during the construction of cable-stayed 
bridges and in-service status as mentioned in the literature review. To monitor cable conditions, this 
study develops an automated cable tension monitoring system using smart sensors and deep learning. 
A more detailed description is introduced in this chapter. 
 
5.1. Automated Cable Tension Force Estimation  
 
The cable tension force can be estimated by using the vibration-based method which utilizes the 
relationship between modal parameters and tension force. If natural frequencies and mode numbers of 
a cable are extracted automatically, cable tension can be estimated consequently through the vibration-
based method. This section introduces a process of automated cable tension estimation which can be 
specified into 1) developing automated peak detector tailored to a stay-cable using a Faster R-CNN and 
2) selecting peaks representing natural modes of the cable for estimating cable tension force. 
 
5.1.1. Faster R-CNN for Peak Detector 
 
The numerical model of a stay-cable introduced in previous studies [4, 55] is used to obtain training 
data for developing the automated peak detector using a Faster R-CNN. The cable system at the middle 
span can be transformed into frequency response function H as shown in Equation (57) where n is the 
number of the natural modes, ω is the frequency, and j, k is the number of natural modes, and m, c, k 














   (57) 
Peaks with different geometric shapes can be generated using the frequency response function as shown 
in Equation (57) by changing cable properties. After generating frequency response functions of the 
stay-cable, a quantitative definition of the peak is required to train the automated peak detector. This 
study refers to the peak definition scheme proposed by the previous work [37], which defined the peak 
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Figure 5-1. Frequency domain representation of a cable with predefined bounding boxes of peaks 
 
where NW and NH indicate the number of pixels in each peak’s width or height; and MW and MH represent 
the total number of pixels along the x-axis and y-axis of an image. This study regards that peak is 
detected by bounding boxes from the Faster R-CNN which satisfies the predefined peak size with 
relative height and width as shown in Equation (58).  
All frequency response functions with quantitatively defined peaks are converted into image 
format to generate training data for automated peak detector tailored to the stay-cable. In this study, the 
automated peak detector is developed using the Faster R-CNN over inception v2 pre-trained on the 
COCO dataset through the TensorFlow Object Detection API, which is an open-source framework 
provided by Google. Note that an automated peak detector is designed to extract two object classes, 
peaks or non-peaks and localize bounding boxes where peaks exist. Of total peaks, 80% of peaks are 
selected as training data and others are used to test the automated peak detector. The developed 
automated peak detector is optimized through quantizing weights which reduces a model size to be 
embedded into an automated cable tension monitoring system. A more detailed explanation of the 
proposed automated peak detector is indicated in Figure 5-2.  
 
 






















In this study, training data are generated through frequency response functions with 12.5 Hz as the 
maximum x-axis containing various geometric shapes of peaks by changing the value of damping per 
unit length c. A total of 14,000 frequency response functions are numerically obtained by the fixed m, 
L, n, and T and the varying c from 0.03 to 1.75 with 0.0001 intervals to make various geometric shapes 
(Table 5-1). Note that 0.03 of c corresponds to 0.1% damping of the first mode and 1.75 is equal to 0.5% 
damping of the first mode in this model, which is based on the bridge design criterion in Korea [4]. As 
the cable response in the middle span contains ten peaks among twenty peaks due to the assumed 
number of natural modes, this study obtains a total of 140,000 peaks which contains different geometric 
shapes by varying c. 
 
Table 5-1. Cable characteristics used to generate training data  
Mass per unit 
length (m) 
Damping per u






al modes (n) 
43.9 kg/m 0.03-1.75 kg/m/s 157.880 m 1,709.120 kN 20 
 
Although the selection of peak size is a subjective task, this study attempts to define the size of 
peaks based on measurement data of cable responses from in-service cable-stayed bridges. Sixty cable 
responses are collected from two different cable-stayed bridges (the 1st, and 2nd Jindo Bridge) in the 
Republic of Korea, and cable responses are plotted in the frequency domain. This study manually 
examines the size of peaks from sixty cable data, and the geometric size of cable peaks are finally 
defined as 20 pixels of width (NW) and 110 pixels of height (NH) that can be distinguished by human 
judgment as shown in Figure 5-1. Note that bounding boxes have height with 100 pixels, and this study 
adds an additional 10% of height from the highest point to make peak points within the bounding boxes. 
As MW and MH are set to be 677 pixels and 534 pixels, Wmax and Hmin correspond to 0.03 and 0.21 
respectively. 
 
5.1.2.  Peak-selection for Natural Modes 
 
After applying the automated peak detector to the frequency domain data, peaks are detected as a form 
of bounding boxes. Each peak is assumed to have a point with the highest value of the energy spectrum 
within the bounding box. However, the automated peak-picking may detect undesirable peaks that fail 
to satisfy the characteristic of cable responses in that natural frequencies are increasing with the almost 
same interval. 
Accordingly, post-processing for removing undesirable peaks is required to select peaks 
representing natural modes of the cable. Undesirable peaks can exist mainly as two forms: 1) when 
detected peaks exist in the adjacent natural modes as shown in Figure 5-3 (a), and 2) when detected 
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peaks exist in the low-frequency range caused by cable-deck interaction as indicated in Figure 5-3 (b). 
Using the characteristic of the cable that peaks tend to exist with the almost same interval, an interval 
which fails to meet this characteristic is removed as outlier interval by using an idea from random 
sample consensus (RANSAC). Note that RANSAC is used to determine an optimal statistical model 





(a) Undesirable peak case 1 (b) Undesirable peak case 2 
Figure 5-3. Types of undesirable peaks among detected peaks 
 
The peaks which represent natural modes are selected as the following steps. After applying the 
automated peak-picking to the frequency domain image, this study plots frequency intervals of each 
adjacent detected peak and assumes a constant function that crosses one of the collected intervals. Then, 
frequency intervals, within the prescribed threshold (10 %) of the assumed constant function, are 
identified as inliers, and others are considered as outliers. These two processes are repeated for every 
interval, and the number of inliers and outliers are calculated for each process (Figure 5-4). Then, this 
study selects the optimal constant function which well explains the frequency intervals the most based 
on the line model with the largest number of inliers. The determined optimal constant function is 
regarded as the frequency interval which explains the natural frequencies of the cable. Based on the 
determined frequency interval, this study selects peaks which meet the characteristic of the cable with 
similar frequency interval by removing undesirable peaks located in adjacent natural modes 
(undesirable peak condition 1). If the detected peaks are less than 90% of determined interval frequency, 
this peak is regarded as undesirable peaks located in the low-frequency range (undesirable peak 
condition 2). The process of a peak-selection for identifying natural modes is summarized by four steps 
as below:  
 
Step 1: Calculate and plot frequency intervals between each adjacent detected peak 
Step 2: Perform the outlier removal from frequency intervals to select frequency interval 
Detected peaks Undesired peakDetected peaks Undesired peak
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Step 3: Remove undesirable peaks located in adjacent natural modes (Undesirable peak case 1) 
Step 4: Remove undesirable peaks located in the low-frequency range (Undesirable peak case 2)  
 
 
Figure 5-4. Process of selecting optimal frequency interval of the stay-cable 
 
5.1.3.  Automated Cable Tension Force Monitoring 
 
In conclusion, automated tension force estimation is designed to conduct a data acquisition of cable 
responses, automated peak-picking, peak-selection for identifying natural modes, and estimation of 
cable tension force by using the vibration-based method as shown in Figure 5-5. A more detailed process 
is as follow: 
 
Step 1: Acquire the cable response in terms of acceleration 
Step 2: Transform a time-history of the cable response into a frequency domain data (e.g., PSD), which 
is in turn saved as an image 
Step 3: Apply the automated peak detector to the frequency domain image to find candidates of natural 
frequencies and mode numbers 
Step 4: Select cable peaks by removing undesirable peaks based on the characteristic of the cable 
response that natural frequencies increase proportionally with an integer multiple 
Step 5: Estimate the cable tension based on identified natural frequencies and mode numbers 
 
 
Figure 5-5. Flowchart of automated cable tension estimation 
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5.2. Design of Automated Cable Tension Monitoring System using Smart Sensors  
 
This work develops the automated cable tension monitoring system using deep learning and wireless 
smart sensors. Wireless smart sensors have been widely adopted to construct a system for structural 
health monitoring [8, 31, 39, 46, 75, 76]. The smart sensor is regarded to have an ability to communicate 
with other sensors wirelessly and compute on-board processing with small size, low-cost and low-power 
consumption [31]. The developed system is composed of two types of nodes: a gateway node and 
multiple sensor nodes as shown in Figure 5-6. The gateway node remotely controls sensor nodes to 
monitor cable tension force through wireless communication. Under the command operation from the 
gateway node, sensor nodes, installed on stay-cables, start to estimate the cable tension force and 
transmit results to the gateway node wirelessly. Among various wireless communication modules, this 
study utilizes a Bluetooth module to connect the gateway node and sensor nodes wirelessly. The 
wireless system network can be also constructed through other wireless modules, including LoRa, WiFi, 
and Zigbee. 
 
5.2.1.  Sensor Hardware Platform 
 
Appropriate hardware platforms are selected for the gateway and sensor nodes, considering the 
algorithm implementation and wireless communication. In the case of the gateway node, the Bluetooth 
device is used to control sensor nodes wirelessly. Among various devices with Bluetooth module, this 
study selects a smartphone, one of the commonly used devices with Bluetooth module. As the 
smartphone is one of the portable mobile devices widely used, this device is an efficient tool to build 
the gateway node for the cable tension monitoring system. In this study, a Samsung Galaxy S10 
smartphone is used to build the gateway node, which is equipped with Bluetooth version 5 capable of 
communicating with other devices up to 100 m wirelessly.   
As the hardware platform of sensor nodes, this study selects one of the single-board computers, 
Raspberry Pi 3 Model B+, which has a small-size with an external dimension of 86 x 54 mm (Figure 
5-6). This single-board computer features 1.4 GHz Quad-Core 64-bit ARMv8 CPU and 1 GB LPDDR2 
SDRAM, which has enough capability to compute automated peak-picking trained by Faster R-CNN. 
In addition, this model possesses Bluetooth version 4.2, 2.4 GHz wireless LAN, HDMI, 4 USB 2.0 
ports, extended 40-pin GPIO headers, and a micro SD port for installing the operating system and 
storing data. Bluetooth module embedded in this Raspberry Pi enables sensor nodes to communicate 
with the gateway node wirelessly. Through HDMI and USB ports, users can access this computer easily 
using a mouse, keyboard, and monitor. The sensor node is operating by a Raspbian, an official operating 
system for the Raspberry Pi model, by installing the system in a micro SD card. Deep learning library 
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(i.e., Tensorflow in this study) can be installed in the Raspberry Pi owing to the operating system. To 
activate the Raspberry Pi, the recommended input power is 5 V input voltage with 2 A current. Under 
the recommended power input, this computer consumes approximately 2.5 W/h during the system idling 
status and 7 W/h during the main operation which uses 80 % memory [77]. This study develops a 
prototype that can prove the concept of fully automated tension monitoring; a complete long-term 
monitoring system with low power consumption can be realized when more energy-efficient sensor 
hardware is advent in the future. 
The sensor nodes measure cable responses by using a tri-axial MEMS-based analog accelerometer, 
ADXL335 which is small size, low-cost, and low-power consumption (Figure 5-6). This MEMS 
accelerometer can measure acceleration up to 3 g with 270 mV/g sensitivity and sampling rate from 0.5 
Hz to 1,600 Hz for the X- and Y-axis and from 0.5 Hz to 550 Hz for the Z-axis. To measure acceleration 
responses using the Raspberry Pi, an ADS1115, which is an analog-to-digital converter (ADC) with 16-
bit precision, is utilized with the ADXL 335 analog accelerometer as shown in Figure 5-6. The MEMS 
accelerometer with ADC, installed on stay-cables, measures cable responses, and transmit the 
measurement data to the Raspberry Pi through GPIO header.   
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Figure 5-7. Procedure for wireless automated cable tension estimation 
 
5.2.2.  Operating Software 
 
Each node has a different functional operation to monitor cable tension forces. The gateway node 
commands sensor nodes to measure cable tension forces automatically and receives results through 
wireless communication. In this study, the gateway node is connected to sensor nodes through the 
Bluetooth module by using one of the free mobile applications, BT Chat [78]. Inspectors can control 
the gateway node using this application to command sensor nodes.  
Sensor nodes have embedded software in the Raspberry Pi platform including acceleration 
acquisition, PSD calculation, automated peak-picking, peak-selection for natural modes, and tension 
estimation, which is realized by Python language. The operation process of sensor nodes is as follows 
and summarized in Figure 5-7: First, sensor nodes start to measure a cable response in terms of 
acceleration after receiving a command from the gateway node. Measured acceleration data is converted 
to the power spectrum. The automated peak-picking algorithm identifies possible locations of natural 
frequencies from PSD of cable responses.  Post-processing to select peaks representing natural modes 
is conducted by removing undesirable peaks. Based on the determined natural frequencies and mode 
numbers, sensor nodes calculate tension forces using the vibration-based tension estimation method.  
Lastly, sensor nodes transmit the estimated tension force to the gateway node through Bluetooth 
communication. 
As aforementioned in Section 5.1.3, the automated peak detector is designed using the Faster R-
CNN through the TensorFlow Object Detection API. The training and test processes to develop this 


















detector are conducted by a desktop with Intel i7-8700 CPU, 16 GB DDR4 RAM, and one NVIDIA 
GTX-1080 GPU, which takes ten hours approximately. As sensor nodes have not enough computation 
power to compute the Faster R-CNN, this study optimizes the size of automated peak detector by 
quantizing weights which reduces a model size to be embedded into the Raspberry Pi platform. 
 
5.3. Laboratory-scale Experiment 
 
5.3.1.  Experimental Setup  
 
To test the developed system, this study selected a laboratory-size IWRC type wire cable that has a 6.95 
m of a length with 43° inclined angle, 0.314 kg/m of mass per unit length, 10 mm of diameter, and 5.46 
Ton of break load (Table 5-2). The cable was installed at the laboratory by fixing the ends of the cable 
at the reaction wall and floor. The sensor node was installed 4 m from the lower end of the cable as 
shown in Figure 5-8. A rechargeable battery was attached to the sensor node to provide the power. 
Located about 10 m from the cable, the gateway node commanded the operation of the sensor node to 
measure cable tension and received estimated tension value through Bluetooth communication. The 
cable was excited by a fan under the cable as shown in Figure 5-8 to generate random vibration. A total 
of three cases with different tension forces were considered by changing the tightening levels of the 
cable, and the same test procedure was repeated for each tension case. 
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5.3.2. Test Results and Discussion 
 
This study carried out a series of laboratory experiments to verify the performance of the developed 
automated cable tension monitoring system. In this experiment, the sensor node was set to measure 
acceleration for 300 s with a sampling rate of 100 Hz. The five steps to automate the cable tension 
estimation shown in Figure 5-5 were conducted for each tension case.  Figure 5-9 illustrates the 
automated operation of the sensor node for Case 2. The measured acceleration was converted to PSD, 
from which the automated peak detector identified six peaks. Post-processing to select peaks 
representing cable natural modes was conducted by removing an undesirable peak as shown in Figure 
5-9. Note that the first natural frequency was not detected because the excitation was insufficient to 
induce the first mode vibration. Using the natural frequencies and mode numbers, the cable tension 
force was determined to be 156.2 N.  
 
 
Figure 5-9. Illustration of automated cable tension estimation for Case 2 
 
Three tests for each tension case were carried out, showing consistent tension estimation results in 
all three cases as shown in Figure 5-10. The standard deviations of the three cases were 0.16, 0.37, and 
1.60, which were up to 0.8 % of the average tension forces. In conclusion, a total of nine tests in 
Step 2: Power Spectral Density
Step 3: Automated Peak-Picking Step 4: Post-processing for Peak-Selection
Step 1: Data Acquisition (Acceleration)
Step 5: Cable Tension Estimation
Tension (N): 156.2 








laboratory experiments confirmed that developed wireless monitoring system can perform cable tension 
estimation with high consistency under different tension forces. 
 
 
Figure 5-10. Estimated tensions from three tests under different tension forces 
 
5.4. Field Experiment 
 
5.4.1.  Description of the Hwatae Bridge 
 
For further verification of the developed system, the Hwatae Bridge was selected as the field 
experimental site in this study. A more detailed explanation of this bridge is described in Section 3.2.3. 
This study selected three stay-cables (CM07, CM08, and CM09) to conduct field tests for verification 
of the developed system. Detailed geometric and physical properties of the three cables are summarized 
in Table 5-3. The locations of the cables are shown in Figure 5-11. The known design tension forces of 
the cables were used as a reference to compare with the estimated values from the proposed system.  
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Table 5-3. Geometric and physical properties of three stay-cables for field tests 
 Designed tension 
(kN) 








CM07 2,129 138.235 447.0 4,800 41.857 
CM08 2,330 150.803 447.0 4,800 39.158 
CM09 2,557 163.652 447.0 4,800 36.875 
 
5.4.2.  Experimental Setup 
 
The cable tension monitoring system was installed on the three cables of the Hwatae Bridge to verify 
the performance and reliability. The sensor node was attached to the stay-cables near the lower 
anchorages with a rechargeable battery for power supply as shown in Figure 5-12. The gateway node 
was prepared near the cables to send command signals and retrieve the estimated tension forces under 
the ambient vibration from wind and traffic.  
 
 
Figure 5-12. Field test setup for automated cable tension monitoring (Cable: CM09) 
 
5.4.3.  Test Results and Discussions 
 
Field tests were conducted to verify the operation of the automated cable tension monitoring system. 




One operation example of the sensor node is illustrated in Figure 5-13 for Cable CM09. The sensor 
node measured acceleration during 300 s with a sampling rate of 100 Hz. The measured acceleration 
was converted to PSD. Automated peak-picking detected twelve peaks from the PSD image, and eleven 
peaks were finally selected as natural modes of the cable. Using selected peaks representing modal 
properties, the cable tension force was estimated to be 2458.8 kN. 
 
 
Figure 5-13. Illustration of automated cable tension estimation for CM09 cable 
 
Three tests for each cable were repeated, showing consistent tension estimation results in all three 
cables as shown in Figure 5-14. The standard deviations of estimated tension forces on three cables 
were 7.05, 12.32, and 0.87, which were up to 0.5 % of the average tension forces. Furthermore, 
estimated tension forces by the developed system were close to design tension forces. Cable CM07 
showed a 5.5% difference between estimated average tension force from three tests and design tension 
force, and Cables CM08 and CM09 showed 0.2% and 3.8%, respectively (Table 5-4). In conclusion, a 
total of nine tests in three stay-cables on the Hwatae Bridge verified that the developed system could 
automatically estimate cable tension forces consistently under various tension forces. 
 
Table 5-4. Comparison between estimated tension and designed tension 
Cable Test1 (kN) Test2 (kN) Test3 (kN) Average (kN) Design (kN) Error (%) 
CM07 2241.1 2253.8 2242.0 2245.7 2129.0 5.5 
CM08 2325.0 2348.3 2329.8 2334.4 2330.0 0.2 
CM09 2458.8 2460.4 2460.1 2459.7 2557.0 3.8 
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The aim of the present study was to develop the automated cable tension monitoring system using deep 
learning and wireless smart sensors. The developed system consisted of the gateway node and sensor 
nodes which were connected to each other by Bluetooth module. Different hardware platforms were 
used to construct two types of nodes: Bluetooth device for the gateway node and Raspberry Pi for the 
sensor nodes. Each node was designed to perform different functions for automated cable tension 
monitoring. The gateway node commanded sensor nodes to perform tension estimation and received 
tension forces through wireless communication. Sensor nodes featured embedded processing on the 
Raspberry Pi platform, including cable response acquisition, PSD calculation, automated peak-picking, 
peak-selection for natural modes, and tension estimation using the vibration-based indirect method. 
This study realized fully automated cable tension estimation by extracting modal properties using a 
peak-picking method. Faster R-CNN was adopted to automate the peak-picking process. Especially, the 
peak detector was trained only using numerically generated peak data tailored to stay-cable responses 
through the desktop environment. To embed an automated peak-picking algorithm into sensor nodes, 
the size of the trained detector was reduced by quantizing weights. This study conducted a series of 
experiments on a laboratory-scale cable and in-service stay-cables to verify the performance of the 
developed system. The experimental results confirmed that the developed system can estimate cable 
tension forces automatically under different tension conditions without human intervention. 
This is the first study reporting the possibility of automated cable tension monitoring using deep 

































of stay-cables. First, this study increases the potential of automated cable tension monitoring system 
applied to real-world stay-cables. Especially, the results of this work improve the applicability of the 
smart sensor-based systems to structural health monitoring. As a cost-effective measure, the developed 
monitoring system meets the increasing demand for maintenance of aging structures. Second, this work 
shows the potential of deep learning technique to be applied to cable monitoring by developing an 
automated peak detector using the Faster R-CNN. In conclusion, the automated cable tension 
monitoring system is expected to broaden current knowledge on structural health monitoring of stay-
cables by showing significant implications for automating cable tension estimation and applying deep 
learning to civil engineering problems.  
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6. CONCLUDING REMARKS 
 
This study aimed to improve current SHM research of a stay-cable, one of the critical members 
constituting cable-stayed bridges, by utilizing smart sensors and deep learning. To achieve this purpose, 
SHM-related issues of stay-cables were addressed, which includes serviceability problems, vibration 
control, and structural condition assessment. Three research topics were investigated to develop SHM 
systems for stay-cables, as follows:  
 
Topic 1. Serviceability Assessment and Monitoring 
Topic 2. Integrated Cable Vibration Control System 
Topic 3. Automated Tension Force Monitoring using Deep Learning 
 
 
Figure 6-1. SHM system for stay-cables using smart sensors 
 
The purpose of the first topic is to assess and monitor the serviceability level of stay-cables. Three 
research subjects were conducted to achieve the first objective, which includes 1) development of the 
automated real-time serviceability monitoring system using smart sensors, 2), present of the automated 
damping monitoring strategy and 3) propose the serviceability assessment method for stay-cables 
equipped with vibration control. Based on the guideline for allowable level of serviceability, the 
automated system for serviceability monitoring was designed to detect a serviceability failure in real-
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time when the displacement of the cable in the mid-span exceeds the allowable serviceability level 
defined in design specifications. The automated damping monitoring strategy provides inspectors with 
the potential of serviceability failure under different external input conditions, such as wind. In addition, 
the proposed method can evaluate the performance of the damper in terms of reducing vibration by 
monitoring the damping ratio before and after the damper installation. Furthermore, the proposed 
serviceability assessment method can be used to provide a guideline to determine the possibility of 
using a cable-stayed bridge and the appropriate damping system given the wind environment. The 
second topic is related to the development of an integrated cable vibration control system based on the 
Arduino platform into which has been embedded a semi-active control algorithm. The performance of 
the developed integrated control system was verified by a series of laboratory-scale experiments. The 
third topic focuses on developing the automated cable tension monitoring system using wireless smart 
sensors and the Faster R-CNN algorithm, making it possible to measure the tension under the different 
tension conditions. The system embedded on the Raspberry Pi performs cable tension monitoring by 
applying an automated peak-picking method developed by the Faster R-CNN method. The embedded 
processing includes acceleration acquisition, PSD calculation, automated peak-picking, post-processing 
for peak-selection, and tension force estimation.  
The results of this study are expected to have important implications in research on SHM of stay-
cables. As a new pioneering study implementing wireless smart sensors for the maintenance of stay-
cables, this study improves the possibility of using smart sensors in SHM research for stay-cables, such 
as for serviceability assessment, vibration control, and cable condition monitoring. As the number of 
cable-stayed bridges is increasing worldwide, maintenance costs are expected to increase, which means 
low-cost equipment will be required to ensure the structural integrity of stay-cables. The application of 
deep learning techniques to SHM of stay-cables can broaden our knowledge on the importance of 
interdisciplinary research to address complicated SHM-related issues. The outcomes of this study can 
facilitate the wider adoption of smart sensors in not only cable-stayed bridges but also the civil 
engineering field. In conclusion, the results of this study are expected to expand present knowledge on 









7. PATH FORWARD 
 
Although this study has successfully suggested the SHM system for stay-cables using smart 
sensors, further research can be performed to improve current knowledge on SHM of cables in cable-
stayed bridges. Future works to be done are suggested as follows:  
 
1) An automated damping monitoring system 
The automated damping monitoring system can be developed using smart sensors for future work. 
As this study proposes the strategy of automating damping estimation, the presented method can be 
implemented to smart sensors, such as the Raspberry Pi, to monitor the damping ratio automatically. 
The future system for damping monitoring can be tested and verified in terms of performance by 
applying the system to in-service cables.  
 
2) A prototype system for SHM of cables 
Future studies can be headed to develop a wireless-based prototype system integrating all proposed 
systems by this study, possible to perform the serviceability monitoring, vibration control, damping 
monitoring, and tension force monitoring automatically. While this study took less attention to energy 
optimization to operate the developed system, the future prototype is expected to concentrate on energy 
management with less power consumption and energy harvesting. Other single board platforms can be 
used instead of Raspberry pi by considering energy optimization problem. 
 
3) Data anomaly detection 
As cable-stayed bridges are exposed to the harsh environment, a sensor fault could be a critical 
problem to operate the SHM system for cables. Checking the data anomaly is one of the prerequisites 
to provide reliable and valuable response data for the purpose of SHM of stay-cables. Contaminated 
data by sensor faults can cause a severe effect on data analysis for SHM. Therefore, data anomaly 
detection is required to conduct cable condition monitoring, especially with a long-term period. The 
previous study suggested types of data anomaly as ‘missing values’, ‘minor values’, ‘outliers’, ‘square’, 
‘trend with minor values’, and ‘drift with minor values’ from data measured by sensors on deck and 
towers of a cable-stayed bridge [79]. However, these classification criteria can be subjective, which are 
dependent on the experiences of researchers. Accordingly, future work is necessary to derive the 
definition and types of data anomaly tailored to a stay-cable response. Furthermore, it is required to 
develop a cable data anomaly detection method using real-time measured cable data collected from in-
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